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iI  ABSTRACT

The two-dimensional ablative he. transfer computer

program generated under contract APD4(611)-9714 was

refined and extended to handle anisotropic materials,

more than one charring material and reradiation at

the heated surface. ResuJts ef the two-dimensional

program were compared to experimental data to deter-

mine effective values of material properties used in

the analysis to simulate gas generation and cracking

r. actions., The resulting effective properties for

two ablative materials were used in a parametric

study generating basic information for the design

of ablative systems in liquid rocket thrust chamber.

-~ Graphs aMn charts showing the variation of thermal .j-

penetration, char depth and surface erosion are'I - included.

I'I

4.



" CONTENTS

Review of 2D-ABIATE Program . . . . ......... 3

GeneraI .. .. . . . . . . . . . . . . . . 3

Mathematical Model ............... . . . . . . . 5

Numerical Solution . . . 9
ResultL. .............. . . . . . . . 13

Program Structure . . . . . . ... . . 13
Task 1, Extension of the Wo-Dimensional Ablation Program .... 17
General Modifications .. .. .. .. .. .. . .. 18

Task I.A, Radiative Exchange at the Exposed Inside Surface . . . 23
- Task 1.B, Thermal Analysis of Anisotropic Materials . . . .. 31

-Task l.C, More Than One Charring Material . . . . . . . . 48

Task 2, Effective Ablation Properties . . . ..... . 51

Introduction .. ........ . . . . . . . . 51

Properties .. .......... . a . . . .. 53

Fstimation of Effective Thermal Conductivity . . . . . . . 64

Task 3, Designer's Guide. . . ........... . 81

Significant Parameters. . . . 81

Nozzle Throat Erosion ......... . . . 103

Two-Dimensional Ablation . . . 108

Su-ry of Design Procedures 131

.ecoamendations for Fature Efforts ..... . . .. 135

Noenclature . . . . . . . ...... . 137

References . . . . . . . .......... 141
Distribution ......... .................. 169

Appendiz A

Calculation of View Factors by the Disk Method ... ....... 145

Appendix B

'4 i Development of the Anisotropic Energy Equation . . . .... 151

V; . V1*
4--- ----------- - - - - - -



j ~Appendix C ~T-

finite Diff-rence Analogs of ;y ........... 155

Appendix D

Simplified Calculation of Nozzle Heat Transfer Coefficients

and aditiv Viw Fator . . . .. .. .. .161

AppendixE

Simplified Calculation of Char Rate in the Overwrap of an

IAblative Wall . . . . . .. .. .. . . . . . . 169

i J/IV



1. Typical Thrust Chamber Configuration and

Boundary Conditions .............. 4

2. Typical Mesh Configuration and Categorization

of Re3ulting Mesh Points. .............. 10

3. Thrust Chamber Wall Configuration Used For

EAFB Firing ........................ 14

4. Structure of the Relinked Program .......... 19

5. Point Arrangement for Discretizing the

Continuity Equation .................. 21

6. Subareas, B '=l,..., 10, Used to Calculate Input View

Factors G.,, for the Checkout of Task l.A. ......... . 28

7. Comparison of Surface Temperature Histories Computed in

Checkout of Task L.A for the Chamber Zone and

Throat Region ...................... 29

8. Comparison of Surface Temperature Histories Computed

in Checkout of Task L.A for the Throat Region

and Exit Nozzle ...... ................. 30

9. Various Mesh-Boundary Configurations Affecting
62

Formulation of Difference Analog 6 .T 0........ 34

10. Anisotropic Conductivity for Checkout ............ 40
11. Anisotropic Checkout Cases,- (rimpatisvif of Temperature

After 12 Seconds of Firing .... ............. 42

12. Checkout Cases for Charring in More Than One Material . . . 49

13. Density-Specific Heat Product for Ablative

Chamber Materials .............. . .. 54

14. 3?raction Resin Pyrolyzed ............ . . . 54

IMP_ ---- 4



15. Variation of Pyrolysis-Gsa Enthalpy

1 With Temperature ..................... 58

16. Thermal Condnctivity of Phenolic Refrasil .. ....... 58

17. 0F2/Amine Test Motor (Typical), Model Used

in 2D-Ablate ... . ................. 65

18. Typical Variation of the Heat Transfer Coefficient

With Longitudinal and Circumferential Location for

Self-Impinging Doublet Injector Employed in Ablative

Motor Firings ... . .. .......... ...... 67

19. Axial Distribui.on of the Adiabatic Wall Temperature

and the Gas-Side Heat Transfer Coefficient as Derived

From an ATJ-Graphite Reference Test Cnee ......... 72

20. Computed and Experimental Temperature Histories For

an ATJ-Graphite Case (Test 1) .............. 73

21. Temperature Profiles in Carbon Phenolic Ablators at

280 Seconds for an Adiabatic Wall Temperature of

2800 F and a Heat Transfer Coefficient of

0.0003 Btu/in -sec-F .. . .. . .............. 7

22. Apollo Qualification Test Model For 21)-ABLATE.. ..... ... 76

23. Throat-Station Backwall Temperature ........ 78

24. Nozzle-Station Backwall Temperature .......... 79/80

25. Effect of Thermal Conductivity on Char Front Advance

For an Adiabatic Wall Temperature of 3500 F ...... 86

26. Effect of Thermal Conductivity on Char Front Advance

For an Adiabatic Wall Temperature of 5000 F . . .... 86

27. Effect of Thermal Conductivi+.- on Char Front ldvance

for an Adiabatic Wall Temperitu e of 7000 F ...... 87

28. Effective of Thermal Conductivity at High and Very

Low Values of Heat Transfer Coefficient . ....... 87

Tii

! J"

V __________ __



29. Effect of Thermal Cond :ctivity on Thermal

Penetration Through Ablative Walls ........ .. . 89

30. Effect of Char Thermal Conductivity on the Gas-Side

Surface Temperature of Ablative Walls . ........ 89

31. Effect of Adiabatic Wall Temperature on Char Front

Advance ......................... 91

32. Enthalpy Parameter 0 as a Function of Adiabatic

Wall Temperature .................... 91

33. Effec'-. of Adiabatic Wall Temperature on Thermal

Penetration Through Ablative Walls .. ......... 93

34. Effect of Adiabatic Wall Temperature on the Surface

Temperature of Ablative Walls ........... . 93

35. Relation Between Adiabatic Wall Temperature and Surface

Temperatures Expressed as Un-_ -omplished 1 -

Temperature Difference ................ . 94

36. Fffect of Resin Fraction on Char Front Advance For High 1

Thermal Conductivity and High Heat Transfer Coefficient , . 96

37. Effect of Resin Fraction on Char Front Advance For Low

Thermal Conductivity and Low Heat Transfer Coefficient • 96

38. Effect of Resin Fraction on Thermal Penetration .... 97

39. Effect of Resin Fraction on Surface TFmperature of

Ablative Walls ...... . ................ 97

40. Effect of Heat Transfer Coefficient on Char Front

Advance Through a High Conductivity Ablative ..... 99

41. Effect of Heat Transfer Coefficient on Char Front

Advance Through Low Conductivity Ablative . . . . . . 99

42. Effect of Heat Transfer Coefficient on Surface

Temperature of Low-Conductivity Ablative . . . . . .. 100

q4
:i~

; -



43. Effect of Hest lra~ser- Coefficient an Yzerma1

! Penetratien Yhrvagh Lo .onduictivity

Ibltie Valls . . ... . 100

44, Eflect of (b--ber Radius on Ch.a Rront Adtance . . 10i

4:. Recession of 2A Graphte '%axoe inserts in e |

Pressure . .... ... . 105

46. RPcession of MT Graphite Throat Inserts in a I
Hydrogen Envirnant. at 500 psia .. .. 106

47. Recession of Silicon Carbide Throat Inserts . 107

48. Thrust Chamber Configuration for Computer ]Rn 1 . . 111

49. T us Chriber Configuration for Computer Buns 2 and 3. . 112

50. Trust Chamber Configuration for Compter Runs 4 and 7. - 113

51. T hust Chamber Configuration for Computer Runs 5 and 6. . 114

52. Char Fronts, Gas-Side Temperatures, and Outer Skin

Temperatures for Phenolic Carbon Cloth Ablatives

After 300-Second Firing With the Propellant I
Combination of CTIF!N 2 4. . . . .  .  . . . . . . .. . . .  117

53. Char Fronts, Gas-Side Temperatures, an Outer Skin

Temperatures for Phenolic-Refrasil Ablatives After

300-Second Firing With the Propellant Combination

ofN904/50%NA -50*UD.MH............. . 118

54. Comparison of Combustion-Zone Char Advance By

Two- and One-Dimensional Computer Programs

- High Chamber Pressure- ............ 119

55. Comparison of Char Advance in Nozzle at an Area Ratio

of 2.9 by Two- and One-Dimensional Computer Programs

High Chamber Pressure --........ 119
Io

tF
:2I



- 56. Co _rsm_ of Ch r 4anae Th==gh Pbenoilic ~EZfrasi1

V zimChtnber V&1±s by Shro- e-Dimenz4cmal

.- r~~e~ -7.0 inches From Bector . . . . 12!

51. Co=en-riscn of Mhar Adwante Yhru-zgh encolic 1Bfrasil

-i Coeter ProgV ~s at 8.5 inhees Fit-" Injector -. . 121

158. Conarison of Char Adva-nce in Cobna_,tioa flmnber

-~ - By, tw-o- and One-Iimensional Convater Proga

I ~~~at 3.5 Inches Fr*-n injector .... 2

i f59. Co=nariscn of Mhar -Advance in Co~lx=tiais C='e"b,-
by Two- and One-D -ens icnial Co xter Progre=

i at '1.0 Inches Frcm Injector. 12

60. Comparison of Char Advance in Com'bust ion Chaber

b.y Two- and One-Dimeasional Cozpter Prograa et.

1 3.6 Inches From Injector - Ran 2, Iaw Char-er
Pressure .

161. Comparison of Char Advance -in CombIution. Chamber
by Tvo- and One-Dimensional Technique at 3.6 Inchesj From Injector - Bu 3, low Charber Pressure - L. 23

62. Comarison of Char Advance in a Phenolic-Refrasil Soft

Throat by Tfvo- and Ome-Dimensional, Computer Programs . 125 1
63. Comparison of Char Adac na Phenolic-efrasilj

64. Approach of Surface Temperalture to Adiabatic Wall

~ 1Temperature for Relatively High Chamber Pressure . . 26
65. Approach of Surface Temperature to Adiabatic Wall

Temperature for Relatively Low Chamber Pressure ... 126

66. Design Procedure for Ablative Rocket Engines~ . . . . 13

IdxI



I~~ -m~a B. ad -C F= .4w- G-,Usda

im* o Y--* 4-. - Ck, . . -....il i
2. I--d B i -F i t

Yh ~ .IH t ri .' . 1 ......
3-I Me t e ty of Pheolia Rezin Pyrolysis -favors - . 5-1

-BeeGmaended 7x-mas Codr-tri I=et for 2DAM .Z - . 6

i 5. osie- a i for CDbon-IC-otf aeinorce

Penolic Ablabors and ALYJ &- pbite........62

6. Mr-osion lmt Data for Pihelic-Refrasil

Ablaiv-e Wei ...................... 6

7. Rrosion Inut D a ft Silicon Carbo,- . 63

8- Ran- Coaditiow, for O/-irigs (Ref. 22) Sele--td for
B.Cu'ation of Effective Properties for

9. Loction of rhe---oounDles Used to -e Experimnta

Te.rata-e Eist_ ies Used for Evaluation of

Effective -Properies for Pheolic/Caron Cloth . . .. 63

10. Therm.COup~le Dat, 0u2lAmine Tests . .. .. . .. 69

II. Ban Conditions for 2D-JBA Parametriz Co n1matione log0

12. Adiabat.ic Wall Tem!uei~atres and Threat He. Transfer

Coefficients for TwoDmnsional Conpater Rans . . .. 115

13. Chr Penetrationru gh Combustion Chanfler Wall

of Apollo Nozzle . .. .. .. .. .. . .. 130

Iiii/xiv

.. .. .. ..... E...E..T...



--- = c Z- cIvr .d _ebig= o rce.ep=-- fc!_ gor= c ers fotic. are aziTl

c vle by beea o sir or 0blti e _ of-* o to hee

effzz af hin pavd u, 2-ochsqultr - s n tiamedz a h as cob b L-e

.rail =teras U.m(d1ei11 Conratle A304esigner11's Rocde a-: t t!e Pa

)-ofthe ris' in vhib emm ere prez= score f he o--d fosithe ==rgr

sthon ofd -ee and be preastge m odel cof .enient fordesin ofada hme -

rc e engine thale rher-ts of th-su'or ama m- be fo nd in Bri ~e 1 r an

.nl~n drisus rlin ole -harr ialal and thiez ef elz of ye!

the re riatio a: dheveopd for z- oltoce. c=---smo

2. C=tetd res ults -tdaer e r z- ,.e -oitiaIns forme c1 datert

dwesae gienin Rae o3 andciv 4. rm ~eia rpris sd "

in Au- he166 2-man Theq prog raz VBo s 2nulte ed eia. roetions under

Cotrc A rM4(el)ric5 sted perme Go d~tre anth~erl n abtie

for*An conditions gemtr:enaterials in liquid ocket TbatCaes, h beties.

ooh

rctir ein thr oe ~n h~;eer,~c r aie~

coaed ~rater. s, ortp arn ablat orvean theius ~a ceffct~s of e

e2.e Cof ti riztesutsre comparedo t xstn expernimntal dauta toz~e

~~~eemievle o fetieteml materials ~drCnatA46l-74 properties~ us--ed -

!~atein the 2D-IUbc p~vrotgramosimulae deevehemecaforeaceionsical j

2 imoccuin th isnerio of the ±chari ng mataial dl z~lyd

3t A parramtrctud ws erforme to olteione themal cnazn obltiL

coz~effrects aost tn.o peramtr eciing thinsfrus hamber oea

for~i~J~tine codtos emtyYn aterials in liquid rocket Thut~res h benties.
of:e-0ga ~er oetn h coeo h ~-i~esoa rga

thLsuywr ob rsne nafr ovnetfrdsg faltv



Ua -Md C- -V - ,ZM tf CMte S fte 1

isflawdb z--ji

amd~~~~~~ ~4 oft-e-f oksc~vlsl

7-

~ga~i~fis ~~e. hs a c~kie ~y eat t~2c



-4- --

-it -a =asr d it= 1te ne&Ider i, filifir i b i M teri e p"e-

"e ied in ::f- 2 a bri:ef redvei oft the 2-AA- F caternu rorhe is [
g~.en ezefor cconvenience -

wmas ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ z de loe tohl-1-.- ie -i z-sdb h

sc;rcit of -ns cam te -codes for =sl g nsihtan-d uaksia 0a

V. ie cblati- en.d met czcidicn zroble=rs in robet angie thrvst

cha .er vall. The ealysis vs perfo red using cylindricaa eoordinates,

_d za. for the iwl =a teriala (a; Mray as fie) of an usy!-

netribc thros; cha::er of general ccoulgaration (rig. 1). Predicted by

th =xpram zane tezmpneravn-e and pyrolysi- gsSe fz dasributiona in-

-dto t- hot combustion gases. Folloirdg are some of the =oeI

dcced. Ihrn-sh tha rranl wteinl he ndl r e iisesrsion raeo~ h ufac Ihe

Jn= wt1czt yre-rm features:V

-L1-

M* he thrust ecar.er geooetry si iated using as mny as 40

quadratic segments. TUms, rzaterials wkih arbitrarily curved

boa.nar-es can be handled.

2. Crature-preerving techaiquea are -ed t- obtain a second order

accurate a pproxietion ef -the normally direeted heat fluxes

encountered at the curved material boundaries.

z

3. In-depth charring within the urall m~aterials andti rosion of the

expoied inside -all r face are treated in the program, and

transpiration effects caused ty gases generated within the wall

materials a-34 at the exposed surfaces are ncconnted for.

4. Physical and che-mic~l properties =ay be speeified as functions [
of temperature for eaeh thrast enasber _-.tsria 1.f

5.The nmoerical procedures employed are stable* under miost circin..

s-iances en.countered in thrust chamber applications, thus

75- ~ *Stable in the sense thzt errors introduced. lin the analyzis do not grow
duing the course of the calculafion jI
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permitting the use of relatively large time steps. In particular,

a generalization of the unconditiona±]ly stable Peaceman-Rachford

1 alternating direction method (Ref. 5) was employed to discretize

Ithe energy equation rather than the more frequently used, co'-di-

tionally atable, explicit forward difference method which often

- - requires the use of prohibitively small time increments to avoid

error growth.

6. Complex duty cycles of intermittent engine firing can be simulated,

including either steady bursts of firing followed by soakout or

high-frequency pulsing.

_I_,MATI CL MODEL [
In formulating the mathematical model and developing the numerical solution,

"* the following assumptions were made concerning charring materials treated in

Sthe analysis:

1. In any thrust chamber configuration, there is no more than one

charring material (this limitation was removed during the subse-

quent effort presently being reported). it is a continuous

material with continuously changing material properties.

2. Chemical reactions in the charring region are treated in depth;

i.e., they are permitted to take place throughout a continuous

range of temperature rather than being confined to a single

"interface" of constant temperature. (Dy specifying a very narrow

temperqture range for the reaction, an interface model can be

simulated when required, e.g., in the case of vaporization of a

metal filling a solid porous matrix.) These reactions, however,

are simulated theimodynamically (rather than kinetically) in the

energy and continuity equations. They include a maximum of three

gas generation reactions (pyrolysis, a char-reinforcement re-

action, and a further decomposition of the solid product of this

reaction) plus cracking of the menerated gases.

IV
- 5I, _____



3. The porous char is cooled convectively by the gases generated in

the charring material and the gas and char temperatures at any

point are identical. Conduction of heat within the gas is assumed

to be negligible in comparison with that in the char.

4. Gs density is assumed to be negligible in comparison to the char

density.

5. The generated gas mass flux in the porous char region is assumed

to be oriented in the direction of the tempe-ature gradient vector.

In addition, the following ground rules were followed in analyzing the

effects of s-'rface erosion and recession:

1. Any of the thrust chamber wall materials exposed to the hot com-

bustion gases are subject 'o surface erosion. For each exposed

material, the surface iemoval mode- include melting, vaporization,

and as many as three independent chemical reactions with components

of the combustion gas.

2. For vaporization and chemical reactions, the removal rzte is com-

puted based on mass diffusion in the boundary layer coupled with

S..chemical kinetics at the wall surface.

The energy and continuity equations used in the model for the charring

material have the following forms (see Ref. 2, Appendix A, fox justification):

-IF

++i+++

VC Qrq~) = r(K+ Y (G*rGy-)(

r

Ty + (2)

where r ranges over the gas generation reactions occurring withiiu 41he

material. The orientation equation for the generated gas mass flux in the

charring material takes the following form:

.I,.
++ + I.,
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Equation 3 is a fora-alation of assumption 5 aBiave for charring materials,
vhich in conjtiction vith assumption 4, permitz the solution of Eq. 1 andI
2 without the need for a separate momentm equation. The dependent 'vari-

ables of B1. I through 3 are T, G, and G~ (or R_). All physical and

-hemical properties appearing are assumed to be knourn functions of tempera-

ture. For the noxicarring wall materials present in a thrust chamber con-

figuration, Eq. 2 and 3 are not applicable, and Eq. 1 red-aces to the

pure conduction equation, as follows:

BT ;3 aT 1 a BT
=~ ~ x O-(~;+ yK j)L 4

In the event of surface erosion caused by engine firing, an additional -

I parameter must be predictLad, f(x,T), the changing radial position of the
receding hot-gas boundary (Fig. 1). The following equation is used to

-relate the radial. recession rate to the predicted normal recession rates:

Ir 1

'-'-Iwhere r ranges over these species generated at the surface and does not

include those generated within the material. The v sare in turn defined

by an appropriate rate equat~ion (Ref. 2, Appendix C) for each surfac3

-- removal mode r. In practice, the vrIs are calculated iteratively so as

to satisfy both the rate eqt-at.n and -the energy balance at the exposed

inside wall surface, which is taken in the form:

16-T heff (T aw T) p Pv r (AH) (6

LAr
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More generally, Eq. 6 can be used as a convenient formlation of all the
exterior boundary conditions which describe the heating and cooling mech-

anisms encountered (Fig. 1), where h may include such effects as those
eff

of convection, radiation, and/or aerodynamic heating. Thus we write

h e f = hconv + hrad + hen v 7

At an insulated boundary, both he f and the v are set to zero in Eq. 6.

The v 'a, indeed, apply only at the exposed hot-gas boundary and are zero

elsewhere. Similarly, Ta, in Eq. 6, has physical significance only at an

exposed boundary. but is used elsewhere as a convenient referenc3 temperature

in the definition of the effective quantity heff* In particular, when radi-

ative and environmental heat flux terms are required, they are expressed

as follows:

a f(T - Te qenvh)8-d T - T "env - T (8)

Thus, the effect of T is cancelled when h and h are substituted6 thsawr rad env

in Eq. 6 (this form is eployed as a linearization device in the finite

difference solution procedure). The cancellation does not occur in the

convection t~rm at the exposed-boundary, where h includes modification':i . conv

of the basic convective heat transfer coefficient, hony, by the blocking
effect of the gases ejected at the surface:

-dH. n.heov +ov B Cp (- -.Cp J G.i(9
hconv Coh +BC J ydT /~) G. (

The a-=mation of Eq. 9 is taken over all gaseous species ejected at the

surface, where G. is defined to be -pv. for the gases generated at the
J J

surface, and for the intenally generated gases we use

(2 ~1/2
G % 2) (10)

. 1  y
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J, the continuity of temperature and outward normal heat flux are expressed

as follows: .

Initially, the temperatures are assumed to be constant for all materials; I

e~g., ambient temperature.

-
-s

A time step procedure was employed to uncouple and solve the continuous and

equations given above here finite difference techniques were used to
discretize the continuous parameters. Predicted in each step are the

two-dimensional (actually three, because of the assump)on of axial
symmetry) temperature distribtion throughout the thrust chamber aterials,

the g.nerazed gas mass flux ditribution in the charring material and the

new position of the inside surface exposed to the hot combustion gases '1
(in the event of surface erosion and recession). No specific car front

or depth is calculated becaue, as discusse in assumption 2 ablve, py.-!ysis

s ,erm _etou) temperature rg rather than at a single value.

The pyrolysis zone, however, can be identified at any time level by inspec-

tion of the predicted temperatures or, in the event of a stop-start engine

firing ci cle, by noting tLe maximm temperatures achieved. ,

Spatially, the discretization is achieved by imposing a mesh on the multi-

material region of interest (Fig. 2). Mesh points are located at the

intersections of the mesh lines with each other and with the boundaries
and ~material interfaces and are classified at, regular, irre&glar, boundary,

and interface points IFig. 2). The continuous temperature and generated

gas mass flux distributions are approximated by dierete distributions

defined only at mesh points and discre-be time levels, These art obtained

by solving the difference equations resulting from replacing the continuous

derivatives in the equations above with their finite differebxe equivalents

(Re . 2).

9 F-



41

410

ptp

10-



I - Of particular interest is an easenI.ily seaond order accurate "in time

-as veil Ps :Ustance) gene-ral ization of the uncoiti-imally stable, izplic7AL

alternating direction me=thod of Peacerman and TAacbford, employed in eh
tire step to discretize and solve- Eq. 1 (or Eq. 4) for te~erature in c~m-
jtmetion -with second order acemrate, curvature-preser-wng ten-,_esda-

veloped to express the norral gradieet conditions at curved boundaries.

Abackward time difference vwas used to &D riaete continuity equaticn I

(Eq. 2) in obtaining the internally generated gas ness flux diotribution

Ialong vith second order accurate central differences in th e axial andi radisl

directions. Although a forward ti=e difference-was used to discretize the

recession equation (Eq. 5), the approximation nevertheless approaches a
I second-order central difference procedure because o-44 the iteration, gen-

I tioned above, -iiih is required to obtain values of the v . Details of

Ithe numerical procedures; employed are given in Ref. 2. -

Because of the use of essentially central (not exactly beezuse the initially[f ' nonlinear difference equations are l~inearized in eac't time step by taking

- coefficients at the old time level) or backward time differences in dis-I cretizing the differential equations in the interior of the material regions, L
teresulting solution procedure approaches unconditiozal stability for

sufficiently small, externally generated heat fluxes. However, when high

values of heat flux are encountered at the hot-gas boundary during periods

of steady firing, limitations ray be required on the sire of the time step.

especially at the beginning of such a period. In general., such limitations

are not nearly as severe as those required for explicit forward diffezence

methods, and are not necessary at all during periods of sparse intermittent
firing or during soakback. The favorable stability situation plus the

:1 generally second order spatial emd temporal differeiacing permit the nse

I of relatively large time and distance imuorements (compared to those fre-

quently required for explicit forward difference DrocedureS) and a sub-

stantial saving in computer time.I In simulating the normal temoperature gradient c-onditioni at curved surfaces

I as -iven by Vq. 6 aud 1.1, the following exact relationships are u-tilized,

WI
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• = - y (1-- ) 2)

i.e., where the o rd nor has a negative (ptivee) copoment in the

y direction. M e direction of n and s is indict in Fig. I for a mat-

erie at a boundary and an interface. oMe expressions for BTix n and T/ s

can be combined (in keeping with the alternating direction method) so as

to elizinate 6T/By (or T/ x) in an-odd (even) time step. Finally, on

purely physical grounds, we assme that BT/Bs is so dominated by BT/%n

that in the resulting expressions, *-e may neglect terms in T/0s. Thus

-ie obtain, for odd and even steps, rtnspectively:

/-B T - )f BT

-~11/2 (13)' BT aT B

Eq. 13 ia used to replace bT/an in Eq. 6 and 11 and the resulting expres-

sions are discretizad with second order spatial accuracy.

All aystems of difference equationg generated in each time step are at

worst tridiagonal* and are easily solved directly (rather than iteratively)

by simple recursion forialas.

*A system of equations it tridiagonal if all the noniero elements of its

coefficient ma-rix lie on the main digonal and its immediately adjacent
diagonala°

12



Evaluation of the 2iD-AMAI~E progrimn included camparisons of program resultsH

vith both theoretical and test data, including in-depth checkout of the

following cases:

1. Sinnlation of transient one-dinensional raaial conductiun in a

hollow cylinder heated an the inside and insulated on the outside,

with no cha'rring or recession. The exact series solul~ion for this

problem is vell-known and has been- presented in the form of tersn-Li'
perat'ore response curves in Ref. 6.

2. Co'aparison to test data supplied by Edwards ABfrom an engine

firing -with shutdown and soakback in a two-material thrust chai-

ber, including ai charring carbon-cloth/phenolic backed by a stainless-

- I steel shell (Fig. 3). Here the full two-dimensional transient

~ i case vas treated.

3. Comparison to measured temperatures obtained from a complicated

mission duty cycle of engine firing (including pulsing) and aero.-

dynamic heating for a fomw-material charring, attitude control engine.

Predicted computer results were in good agreement with measured

backwall throat-and exit teiperature histories. (This comparison

was not reported in Ref. 2; details may be fourto in Ref.7.

Cases I and 2 above are fully reported in Ref. 2 and need not be repeated

here. Some of thiL results of Case 2, however, were used ab controls for

checking out the 2D-ABIJATE program extensions dis,.ussed later in this

report.

PROGRAM STRUCTURE

The 2D-AIATE program was coded in Fortran IV for use on the IBM 709&.

Several links were employed to take advantage of the syatem overlay feature.

In addition to the maiji control link, Link 0, two other links were provided

13
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1. Iink 1, in wiei all set-u is meartommed for-h tL- st-elA crlatio= (RHef- 2)

2-. Linm 2. the time-step calculation

Bere te beemesionz to the MO-- prazgm (Munder ths currerrt cmn-[

trat) xpadeaL;nk 2 beyond the 7094i core storsze capacity, Li~2 h~as

been furtar -blimked, utilizing the averlay featture. This is describedM

- ~ in =ore detail in anotbie section of this report.
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in 1as& ' of the uresent1- contract, the 0, AM-t- cozputer progr=Sn

dereloned und-er Contract A-554(610)-9714) -,a extende.. by t:-e addition of -

s-evera~l mechani--meac of vichowten applicable, can haea 8siiicant

ef fect on the perforxa=ce of ablative =aterials. Iclul1ed were the fol-

Iowing =adifitatjionz: IA
A. Me effect of radiative e~cbange across the thrust chamber between

apposing sur-faces exposed to the hot combustion gases. Daring

firing, this effect can exer--t a strong influence on the surf are

texefaurehistories attained.

B. Anlyi of materials with differing temper-A1t-ure-dependent con-

ductivities. in major and minor directions to provide adequate

treat~.ent for strongly anisotropic materials ot carrent intero-t.4C. Prcvision to pernit any of the wall materials to be charring

ablators rather than being restricted to just one such material.

Aithugb~:t searh egin: =e fabrieated i~ ony aingle4 carring material, more than one is often required in the case

* ~~of Producetion engines. reunlecotrdclasses of

nltiple.-ablative construction include stacked materials (e.g.,

the Eocketdyne LBI engine with a phenolic-refrasil laminate

* backed by A low density phenolic-asbestos) and side by side -J (e.g., the Apollo attitude control engines -with a i5-degree

phenolic-refrasil laminate in the chamber and the saine material

in the nozzle extension at a 0-degree orientvzticn).

In addition to the three Task 1 modifications (henceforth referred to as

Tasks L.A, I.B, sad L.C), several other additions, modifications, and coi-

rectione were made to the 2D-ABLATE program as required during the perfcrin-

ance of Tasks 1; 2, and 3 of the current study, Because these changes

do not fall within the scope of Task 1, they are referred to collectively

as "general modifications" and briefly described prior to the Task I

discussion. 
1
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!-_ rezlts obtained previously with the "old version" of 2D-AEAE. The test .|:

q-=,case used for the comparisons vas Case 2 discussed in the Review section

. above and described in detail in Ref. 2. For Task 1, a preliminary check-

out step involved demonstration of the ability of the extended program to

- suppress all the new mechanisms and perform as originally written.

SGRUA MODIFICAIONS

) _ Program Structure

As indicated in the Review section above, foding of the old version of the

2ID-ABLATE program was performed for IBM 7094 application. The "new version"

-- :: (including the Task I extensions) was to be used on either the 7094 or the

, II 360. T'o accommodate the Task I program extensions, several methods

Swere investigated of increasing available core storage in the nev 7094

possible to unl.ink the program completely without. exceeding core storage

-A limitations. ) It was decided to further subdivide the time step link
i (Link .0 in the old version), yielding Link 2, the control link, Link 3,the recession calculation, and Link 4, the remainder of the calculation

'1 in each time step. Thus, Lin's 3 is bypassed in any time step for which, the recession subroutines dre aotrequired (see Fig. 4 for a chart of the

relinked program structure). Ire saving amounted to over 500 locations
in core during Link (and eve more during Link ), which was more than

enough for accommodation of the Task . extensions.

Added Capability

Because performanc e o Task 2 and 3 efforts required extensive evalua-

tioe of calculated temperature histories, a great deal of time-consuming

manual cross-plotting was avoided by extending the program to provide a

18
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I (a). Linkage of the new version

Link 2

Sell up for New
Time Step

--- ~e Possible

No

Link- 3

Erosion n
Rlecession
Calculation

r Lil J

Temperature4
And Charring
Calculation

I(b) Program flow in Link 2

Figure )i. Structure of the Relinked Program
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visual display up-an inpn+ signal of as many as 10 te*perature-time graphs,
' -- 'i each at 9 distinct specified re.gulsr imterior point (see R g. '2 for term -

inoogy wihin-V wal mteia~ls. 'This was a~ccomplished by taking ad-

vantage of the available cathode ray tube equipment and the CRT library

subroutines.

Improvement in Calculation of Gas Generation

Improvements were made in the portion of the program dealing with internal

charring. First of all, the simulated boundary and initial conditions

(pages 64 and 65, Ref. 2) for the solution of the continuity equation were

-altered to reduce initial lag in gas generation. in particular, the simu-

lated boundary condition c, page 65, Ref. 2, should now read, in part,

(see Fig. 5 for the point arrangement used te discretize the continuity

equation) "If T is less than T or if point 4 is a noncharring

material, then is set equal to 0 rather than "If either or[

T is less than T .... ' Secondly, because the temperature may jump
max,4 py
significantly into the pyrolysis range during a "elatively large time

step at mesh points close to an exposed surface, an upper limit for gas "

mass flux within a charring material can now be assigned as input to the A

program to prevent excessive initial interior gas ganeration and possible

temperatu oscillation caused by overcooling.

These program changes were successfully checked out using the test case

discussed above. As expected, the result was a graduated temperature re-

duction throughout the thrust chamber, the most significant reductions

occurring at the heated inside surface.

Correction of Errors

In the co,' se of performing the Task 2 and 3 efforts, a number of errors

were uncovered. Most were of a strictly "programming" nature such as

spelling and indexing of program variables. Correctiou of these errors

did not alter results of previously run checkout cases because of the

20
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m~kel difrn atra n xu iecnfgain'() h te

vereyfeentlywitna meials u-4 ~hlie tnpigratios efec o the oine

hnd th evea seon errr elo dfiscerror Pnrted b~ernot 'verlytai

Erofs ve ond wedorebecun~ eietedi, h sbotney wihredfoelowsion

Inspecion f Eqri 9xiabol posi.tos h the exp~sof sed in surq~ 9n

:1 as in teq 10.pIrate prcuo a these e pls after erosio. In the a
rentLy sion -aezin, oo a e reu. striten ereapace o the be-o

leooaslyfgeteratedn gaesute wan eed. the eo csans dsed

wic the viesetionrz1 bhe pef~ hsermittoed to cniub ot thelua

Eroo Macrh foumbe ancrtd in the uotne iprd erosionraeIntecl71 atid reesin tmatrie ater erosion hs occteuered ner vs furfdc in
inthe iterpertue llation ifratithesplintd aftereosion Inbrtnes

reIn patcar, an tie3  had een re adeitiobas ere la enth nmr of -n

ofoops o6 ateril perionbytpyednd o the alber of cruanc s clulader

ittiovef lyc nzi n in the aculaion ofns Teronre. n the al-on

however, is .&uch that 1T/;n is evaluated at some intermediate time level

between the old and newi levels. The value required for the temperature

c~iculation, on the other haud, must be obtained at the new level. Con-

sequently, the short-cut procedure was abandoned and, Eq. 6 has been

simulated directly in the program.

22
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of a F-*za I--at-r :9

in several of the tbrmst cbzitbe: co I, iguratloms treated dtaring Yask 5, tbe

nozzle extiemsion ia aken to be a long narrov slanting strip of vai =-

ttrim. Because of the retL ..reent. of eq-- anacing 2f the horizontal

(i.e., axially oriented) =-sh lines, ani the rnper liit of 15 on the

Mun r of vertical mesh lines, itL vas neceseary, in order to have a isuf-

!icie. nt rer of horizontal nesh lines for- accuracy in the chamiber and
throt rgios, o frcetooz~y into the marrov rrip of extension =a-

-terial. 7he i-es-nt vas a violation, on several horizontal mesh lines in

the strip, of a progran linitatiao, on the =ini= nm :er of pointa per-

mitted 'oer mesh line (foier, as g_,YLen in Rale 4 on page 79 cf Ref. 2). As

a conseaueuee. a du=7 subroutine vas vi-tten wihcan be used vheu re-

'.quired to replace the restricii~i, stlbromtine (called MIN44PTI) and tbus

redmrce the minim-a frern four to three (the la-tter being at present an ir-

reducible min m= due to other program linitations as expressed by RulesH
I and 3 on page6 77 through 79, Rlef. 2). The result. of relaxing the forur
Point limitation -vas, as expected, a worsening of the IL-onditi:nhI of the

system- of difference equations generated in the affected portions of the

strip and, ia particular, a certain amount of error in the calculated
temperature in odd time steps at the iintersections of thz radiation-cooled

outer botmdary of the nozzle extension vith some of -the horizontal Mersh

lines. No transmitted ill effects, however, were observed (agaiu, as

expected) in the throat and chadber regions, which were of primry interest

in the paramctric study performed in Task 3.

TASK 1. A, RADITIVE- EXCHANGE ATMTE EXOSED UIN-iDB SURFACE

The effect of radiative exchange betvcen axially varying portions of tim

inside vail surfdce -Was added as ani optional (upon input signal) term of

-he effective heatt Zran&Yer coefficient (see Eq. 7 and 8 above), as golts:

aw
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The. approach taken iu the program is to recalculate value of~rai

the reradiative heat flux, after each even time -2tep at the boundary

poits fomedby the intersections of the radially arien-ted mesh liaes,

= ~ i =1..,n, with the exposed inside surface, as follows:

n

in Eq. 15, F. ia the view factor* frcm an instfe, surface area represented
k

by P. to a similar area containing P . Includck is the term with view

factor F. .1 because the inside surface area is ii' the shape of a raLng and

opposes itself as well as the remainder of the rings. The array obtained

-Bing Eq. 15 is then used for the succeeding two time steps in Eq. Ilk to

clculate the reradiative component of the effective heat transfer coef-

ficient. In an odd step, values of qrarad at. boundary pcints lying at

the ends-of axially oriented mesh lines are obtained as needed by inter-

poainfrom the qr array.

Values of the two-dimensional array F.k are obtained by interpolation

at the points P. from a similar input array G 'defined at the input

points Q.at which the rest of the axially varying input data are speei-

fied, such as the adiabatic wall temperature and tize convective heat trans-

'fer coefficient. This is performed in three stages irk Link I of the pro-

gram (the setup phase prior to the time step calculation), as follows:

1. Input and as~signment of the two-dimensional array G. 4)j

~..I .. ,m, at the points 0.axlof aone-dimensional array B. of

associated disjoint surface subareas.

*Th use of view factors in Eq. 15 instead of overall interchange factors
(Ref. 8 and 97), which would include the effect of reflection, follows from
the analysis in Tasks 2 and 3 of wall m~aterials which emit nearly as black
bodies. The net reflected heat fluxez& are nearly zero and the inter-
charge factors nearly equal to the view factors. Modification of the pro-
gram to include reflection effecte would be straightforward.

24-
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-2- Direct calculation of a similar array A., i 1, a.,, u, of sub-
I

areas associated with the P., each assumed conical, i.e.,
1 "j+.r -1

A. IX ! + ( i+i/2 (Xi+l ++7i-i/2)-;+ .,-Ii l/ ) [ -

2(fi-xifl) ] (16)

where y = f(x) is the eq--ation of the inside boundary curve and
fi = f(xi), and vhere xi+1/2 =(xi + xi+,)/2* defines the end points

of the intervals over which the Ai are calculated. The generated

array A. is then normalized as follows:

-I I

A. B A,, (17)
j=l k=l

so as to satisfy the following normalization conditifn (where,

for convenience of notation, we drop the bar on the Ai):

n m

Ai A 1 =Z B..(8i-:_i j=i

Finally a two-sweep linear interpolation is perfcrmed to obtain

the F.,k at the peints Pi from the G at the points Q. in such

a way as to satisfy the following two normaliza-Aon conditions:

H.G 19

jk I j,&, j=l, ..., m, (19)

k=1 J.1

n m
A.F. B1H k--l , lit (20)

Li i ilk j j,k' "

i-i j=l

*This dofinition of x is applicable only for i = 1, 2,..., n-1. xl/2
and xn. / are taken to/e the leftmost and rightirst axial positions,
respect vely, of the exposed inside surface.

.r I
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where H.k, j=, ... , m, k=l, ... , n, is an interim two-dimensional

array of view factors, from the points Q. to the poiuts Pis ob--

tained during the first sweep of interpolation.

To make use of the added Task 1.A program capability, it is necessary to [
obtain reasonable values for the input view factors G. and associated

KJareas B. for each contemplated thrust chamber configuration. For check-

out purposes, an extension of the disk method developed by Dr. Simon deSoto
of Rocketdyne (Ref. 10) was used to generate the G., and is described in

some detail in Appendix A. The disk method is exact for the case of conical

subareas, none of which are occulted or shaded from each other. Because

the occultations in the checkout case were not severe (Fig. 3), the formulas

were used as if no occultations existed. No rigorous method was found in

the literature whicb would yield view factors from all portions of a

converging-diverging thrust chamber to each other portion, including the

effects of occultation and shading.*

The input subazeas B. employed in the test case used for checkout were ob-a
tained through application of Eq. 16 at points Q. rather than P..**Values

of the B.i and Gj. arrays used for the Task 1.A chackout are given in

Table 1, and the arrangement of the subareas and their approximation by

conical rings are depicted in Fig. 6. The other properties and heating

conditions used for the checkout comparison can be found in Table 4 of

Ref. 2. The checkout run made with reradiation was terminated after 12

seconds of steady firing. Comparisons bf computed surface temperature

histories with the previously obtained results are given in Fig. 7 and 8. As

erpected, temperatures computed -ith reradiation effects inzluded -sore

lower in the vicinity of the throat and higher in the chamber and exit

sections.

*A rigorous procedure is presently being developed at Rocketdyne. When
available, it would be desirable to program the method and incorpoi.Ve it
as a subroutine of Link I in 2D-ABLATE. This would eliminate a great deal
of arduous computation, necesqary, for example, for application of the diek
method using a desk calculator.

*Selection of the end points z +/2 (corresponding to the xj+1/2 in Eq.16) is
not restricted to midpoints beween the xj. Instead, because Sugement can
be more readily exercised in a hand calcu ation, they can be taken at OnyiI
p 'nt between the xA. Generally, thoy should be chosen on a geometrical
basis so as to yi subsurfacee -whi-h are mo:t nearly conical in shape.
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TASK 1. B, T1IiMAL ANaLYSIS OF ANISOTRoPIc mmTERIALS

The 2D-.BLATE program was extended to permit (upon input signal) any of
Athe wall materials to be anisotrapic; i.e., to possess two different con-

duLtivities, each temperature dependent, one in the major direction (highest
f conductivity) and the other in the minor direction (lowest conductivity) per-

pendicular to the major direction. Many wall materials of current interest

are strongly anisotropic such as phenolic-refrasil and phenolic-carbon

cloth laminates, which were analyzed in some detail in Task 2 and 3 of
i the present program.

For treatment of anisotropic materials, modifications were necessary in

the formulation and discretization of the model as expressed by Eq. 1
through 11 given above. The overall solution procedures, however, were

substantially unchanged. A discussion follows of the changes made and

their effect on program results.

ModelChanges

.or an anisotropic wall material with conductivities K (T) and K (T) in

the major (72) and minor ( ) directions and a counterclockwise displacement

O*of these directions from the radial (y) and axial (x), the following

version of the energy equation was derived (see Appendix B), in which,

for generality, both conduction and charring are accounted for:

aT b aT + a aT d a T aT

a2 6T aT

2K d+ 2 (21)

*It should be emphasized that 0 is not what is commonly termed the orienta-
tion (or angle of vrap), the latter conventionally being taken as the clook-
wise rotation from the axial to the major direction.

I31ir



where

K i 2 8+ 28 (22):1 71
(~11W

- = 1~-K sin18 cose

Iand where (PC)ef is used to abbreviate the coefficient of aT/6T on the
-Ileft side of Eq. -1.

I - For use in the boundary and interface heat flux conditions, given by Eq.6

and 11 above, the following expression wa~s obtained (see Appendix B)_ for

the conductivity in the normal direction n at the bounding surface:

af ' f 2  
af f 2

+ K"yYYI+ i (23)

jwhere Wa/x is the slope of the boundary curve, y=f(x,T).
No direct changes were required for the anisotropic analysis in Eq. 2,

the continuity equation for the mass flux of generated gases within a

charring material. The direction of flow, however, in an anisotropic

material, as characterized by the 'ratio of Gto GyI is now assumed to be

oriented itih the heat flux vector, as follows*:

K T AT (24)

which is seen t~o be compatible with Eq. 3 above for an isotropic material;

i.e., when K K .It can be shown that Eq. 24i closely approximates the

expression G /G7 =K y 7Ta / 7).

*-An alternative assuption, which was not employeelokild have taken the

direction of flow to be in the major direction ??of conductivity; i.e,,
Gx/Gi = -tan 6. It was felt, however, t)~at in general Eq. 24 would be

xy
more appropriate.
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] oicretization of________

The numerical solution of the model equations for the case of an aniso-
tropic material was obtained with a time step procedure using finite dif-

ferences as in the isotropic case outlined above and detailed in Ref. 2.

Discrati-ation of the anisotropic energy equation, however, required def-

initiou of a finite difference analog of the mixed derivative a 2 T/axay.

For the remaining derivatives of Eq. 21, the centered first and second

spatial difference operators, , 6x , 6., 2 and the first time dif-

ference were employed as defined by Eq. 19 through 23 of Ref. 2.

At an interior point 0 whose horizontally, vertically, and diagonally ad-

jacent points are all regular (see Fig. 2 for definition of regular point)

and where the points are equidistant (as in Fig. 9a for A x A z C x

and A yB1= A y), the following standard mixed difference analog

j could have been used with second order accuracy (See App- .dix C for

derivatizn):

T (TE~ TF TG T) /4 x 6 y (25)

In the case of nonequal spacing (as occurs in 2D-ABLATE in the x-direction),

the following similar analog could also have been applied:

but only with first order accuracy; i.e., vith 0( XA - xC)+G(A Y

yD) accuracy (which improves to second order accuracy whenthe points are

equidistant as in Eq. 25 and thus might be termed accurate of order 3/2

because it is effectively between first and eecond). This would htve been

quite satisfactory in the approximation of the energy equation because of

the similar truncation error obtained in the discretization of the second

spatial derivatives. Neither Eq. 25 nor 26, however, are employed in 2D-

ABLTE because they too often are inapplicable; i.e., if, for a given

interior point 0, one or rore of the pcints, F, F, G, and H do not Le in

the same material b(cauae of interposition of boundaries or intertaces
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(as in Fig. 9b, far example). What is required instead-ini such a case V
is a difference analog involving tem-eratures at the intercepted irregularK

boundary or interfaee pt~lnts (suciv as It, F 21 G 1 and G 2 in Fig. 9b). on
the otber hand, to formnlate ;:- ze-arate difference analog for each as..h

conibination of irregular piiti (ig. 9b depicting just one possible Cox-
bination) would be a difficult task. Instead, the following second order

4 accurate mixed difference analogs vere derived (see Appendix C),oefr
r ~odd and one for even time steps, which treat all cases of the type Ahmin

in Fig. 9b because of their formulation in terms of temperature gpadients
at the horizontally and vertically adjacent points instead of temperaturesj

at the diagonal points.

Even Step:

2=j-~ 6 T 2Rr2 A 2 8 TFY .0 [-AY 6 D ' B 80 xA B Lxc (27)

tYB kYD (YB + 'YD)](28)

I-i Using the definitions given in R~ef. 2 of the second order accurate diffor-
ence operators, 6 and it can be sien that if, as in Fig. 9a, all of

x
the adjacent points .!.., B, C, D, E, F, G, and H are regular and in the

mri-e material, then Eq. 27 and 28 are identical (but do not reduce to the
less accurate first order analog evrpressed by Eq. 26). It, further, the

spaingisequal, both reduce to Eq. 25.

Equations 27 and -28 are emplr'ved in the 2D-A13LATE program for the discre-

t~zation of the a-lisutvropic energy equation at each inte~rior point 0 whose

boeizoutally and vertically adjacent points A, B, C, ani D are also interior
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4i|
points. If, however, any of these points are boundary or interface points

(as in Fig. 9c, for example), then either Eq 27 or 28 or both are not ap-
plicnble directly. This is caused by the difficulty encountered in expres-

sing the first differences 6 .TB 6TD3, 6 P or 6 T when the points B, D3,
A, or C are irregular. The same problem arosc (described in Ref. 2, pages

47 through 53, amd indicated in the Review section above) in obtaining

a second order accurate difference analog to aT/n for use in boundary and

interface conditions at irregular points. Here we do not employ the same

device used for maintainin second.order accuracy; i.e., permitting con-

version from Wax to T/6y at points B and D or from 6T/1y to aT/ax at

A and C by essentially letting 6T/as vanish and using the equivalent con-
dition, T/bx = -Sf/a 1 T/8y, for the conversion. Instead we revert to

first or even zero order accuracy, in the event of irregular points, by

replacing Eq. 27 and 28, as follova:

Odd Time Step:

x2 o j o i .f C is regular and A isirregular (9

Aif A and C are irregular

Even Time S t p:_

if B is regular and C is irregular

.A0 -C~1
To - 5 T.

6~ T0  - if- -a-i regular and A~ is irregular (30)

0 if B and D are irregular
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Disretizaicn of the Energy Equation

The discretizatiou ol the anisotropic anergy equation was performd as in

the isotropic case ;ix accordance with the linearization of the generalized

Peaceman-Rachford alternating direction method as e-preased by Eq. 30

through 32, Ref. 2. Tridiagonality of the systems of difference equations-

generated was maintained by evaluating the mixei difference analogs, as

given by Eq. 27 through 30, at the old time level (i.e., at time Tk in the

time step, Tk - k+,) rather than the new. Similarly, discretization of

the term 2 KIc (T) 6T/6x aT/6y was performed so as to maintain linearity

and tridiagonality of the difference equations by taking 6 T at the old
time level and 8 T at the new in an odd time step and reversing the assign-

ment in an even step. Thus, in odd and even time steps, the anisotropic K

difference equations take the following form (where, following the nota-

tion e Ref. 2, Eq. 31 and 32, the spatial subscript 0 is omiyet but is

understood to apply to each parameter appearing):

I Odd Stp (k Tk+l) :-

x k

K' Q6 OTk+l + Kk 2 T + K K-
xyk kl y,k y k \.jziy y,k 5y

A IIy k i XTk 8yTk xy, k (31)

:y k

JI
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cii

Even Step ('Tk)

T -T
~~~ff~+1- - -- =KT ('T k+2 k+lI( ff,k+l x,k-1 k-i (k- x

x'+l q22)
G6 T 0k ~- T +,2 i

T Y o -e k+l xy, ksl Y k+ sel - n parti-

car 1/+1 a v k-1k+1 a used instead y k+2

-1 2 an H' ( k+1 as y exple (32) 2 oenueinlsono

Sheatasrtion ensc riptiengadifeecn the ditneiceet psdaret so hichg

follow etharo tepraef2,E.3 itrand 32,ghou be selfevet. hin pTi-

X

culare lH,~/8Tkand AyB, j/y a ue int of the knw vial es

H'('fkRev nd Progra)mi as p laindued nRf ,t nueicuino l

he t aoption se rfocerte dik andce i nren the earme steo la i

pefoows tha ofinef 2, Eq, and 32 se hou bev self-int. Inpri

tha-i entire temperature intervals might be passed over in which o(T) is
elso jor Aaterial , the t da tehe o a irelatively large. Asj y y.thhegtoth -axial mesh liae.

Revised Programning Procedures

2D-ABLATE program wat modified for treatment of anisotropic materials

in the input and setup procedures of Lih k I and in the time step calculation

performed in Links 2, 3, and 4 (Bee the Review section).

Upon input signal, any of the five wall materials can be anisotropic. For

each aniso-tropic material, the input data include themajor and minor con-

ductivities, K t7(T) and KC (T), read in as piecewise quadratic fu~nctions of

temperature, and the counterclockwise angular displacement 9of the 17
and directions from y and x. The anisotropic input in Link I is then

transformed to equivalent conductivities in the axial, radial, and "mixed"

directions for later uae in Linkh3 2, 3, and 4. The transformation is

accomplished by use of Eq. 22.
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The time step calculation is performed in Links 2; 3, and 4 as outlined in

Ref. 2, with modifications in the solution procedure to account for the

changes given above in 11. 20 through 24 and 27 through 32.

In the solution of the energy equation, a separate function subprogram was

used to calculate the difference analog of the mixed temperature derivative,

thus providing the capability of testing and evaluating alternativa formula-

tios to that given by Eq. 27 through 30. The only alternative subprogram

written thus far is one that simply sets the mixed difference identically

to zero, This was used, as will be seen in the checkout section below,

to help assess the significance of the mixed derivative term.

Checkout of the Anisotropic Capability

Checkout of the anisotropic program capability was performed by comparison

j, Lo previously obtained results with carbon cloth-phenolic treated as iso-

tropic (the same control case used to check out Task l.A and discussed in

the Review section, see Fig. 3). Assume,! values were used for the aniso-

tropic input data. Because checkout was not performed with respect to

measured results but only by comparison to computed isotropic results,
Sdesignation of checkout as successful or unsuccessful was a qualitative

decision based on the predictability of the direction rather than the
degree of deviation of the anisotropic results from the isotropic. Thus,

the objective of the checkout was to see whether the anisotropic results

deviated from the isotropic in a predictable manner, over a representative

iange of orientations, using assumed anisotropic conductivities as input

which differed only slightly from th- isotropic values.

Cases evaluated included orientations of 0, 45, 90, and 135 degreen, in

which major and minor conductivities (both temperature dependent) differed

from the isotropic conductivity by a constant (Fig.l0). An orientation

of 45 degrees only was employed for another case in which the difference
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between conductivities varied with temperature by permitting the aniso-

tropic conductivities to vary linearly with the known isotropic conduc-

1.]tivity, as follows:

Kr (T) =1.1 K o (T), E (T) =0.9 (T).

All cases were first run using the subprogram which provides a vanishing

mixed difference in the energy equation and then with the second order

analog expressed by Eq. 27 through 30. In this way, varioua anisotropic
effects could be isolated and evaluated separately.

The results of the checkout arp given in Fig. 11 in the form cf a comparison
of surface and interior temperatures obtained for the various orientations

(cases a through e) after 12 seconds of firing, The classification of

cases a through e (Fig. 11 ) will be maintained throughout the remainder L
of the discussion. Temperatures given in parentheses (Fig. 1) are ih0ie

obtained with a vanishing mixed temperature difference in the energy equa-

tion. Cases a, c, and d are analyzed below in detail, and Case e in

somewhat less detail. Case b is not discussed because the reasoning employed

was similar to that of Case a.

Case a. 45-degree orientation (9 45 degrees*), K K K. (T),

K =-0.2 = 0. At the inside surface, the normal conductivity
xy
is obtained from Eq. 23 as follows:

K 2 +K )2] K.u

*In general, to calculate the equivalent value of 8for a given orientation
a, we can use 6 = 90 - a degrees for 0 ea f.90 degrees; 6 = 270 - degrees
for 90 <:X < 180 degrees
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Therefore, to the left of the throat, we he-e Kn 
< K.s because atfi)x < 0,,-"-IISO

Th o = 5053 R. To the right of the throat, he revere tendency is reflected
(Fig. 11); T is 16 R less than T .

- ns 2n5o10

It might be argued that a 10 or 16 degree difference is smaller than the

expected error in the temperature and therefore should be disregarded as

not being significant. This reasoning would be false because we are com-

paring two calculated temperatures, not a calculated temperature w~ith a

measured temperature. There are several sources of error in this sort of

calculation. One error is caused by the assumption of a nonrealistic

model and is a discrepancy between real temperatures and idealized tem-

peratures. Another error is caused by the method of solution and is a

measure of how closely the numerical solution of the finite difference

equations approximates the exact solution of the continuous model 3.'1 Both of these errors can be quite large. However, neither applies to the -

present discussion because we are comparing two values which are calculated

numerically from almost identical input data. Thus, as long as the numerical

procedures are reasonably accurate and stable, the difference between the

two calculated values need not be large to be significant. As will be

shown, the consistency with which the expected trends are reflected in

the calculated results indicates that these differences, though small, are if
indeed significant.

To evaluate the interior temperatures attained, two subcases must be

analyzed. First, in the calculation made with a vanishing mixed tempera-

ture difference (i.e., vith 62T= 0) we see that, because Kx is zero I
as well and K = K = K. , the anisotrvpic energy equation reduces identi-

tally to the isotropic case. Thus, any interior anisotropic effect felt



,- must be only a reflection of the surface effect.* -i borne out in the

temperatures calculated, where Ta 15290 > = T. to the left

of the throat and T °  1289 < 1293* = T. to the right of the throat.

-1• n the second subcase, th&t calct !ated with ZyT as expressed lby Eq. 27-

Sthrough 30, we see that the only difference in the energy equation is

caused by the presence of the mied derivative. Thus, we can write inth

PC 1 pC 'T _. (105 2 (3

temertur aculted whr iso =120>l2~=T 5  otelf

Here e hae isolated the mixed derivative term of the energy equation a

'that the present subcase serves as a partial check of the significanze of
n the second-order mixed difference analog by comparison of results Eq.

the subase in which the vanishing mixed difference was employed.quaio.i

Because of the gradients caused by surface heating, w2T/ecy will in gen-

eral be positive to the left of the throat ter of ive to the right of

thte throat. This is caused by generally decreasingly negative T/bx and

Te with increasing y and. , respectively, to the left of the throat

end by increasingly positive Tibx and negative T Y with increasing y

and x, respectively, to the righb of the throat. Therefore, we see from

~E._33 tha-t*Tans should tend to increase vith time more slowly than
ATis o to the left of the throat and more rapidly to the right. Thus,

except near the surface where the reverse effect dominates as discussed

3 above, we should have T an. < Trsp te the left of the throat and

Tans ° > T i e to the right. Agin, e see that thefe tendencies are

re.3cted in the calculated ointerior temperatures (Tani moresl y t

15 -1 58 52

Ts to the left of the throat and T a l y to t righT Th

right . Thus, the interior antsotropic effect is the reverse o the sur-

iace effect and should be accounted for by use of a nonvanishing mixed

a This subase illustrates the value of simulating the bondary curves y

f r,) accurately in the analysis because the only anisotropic effect in the
solution is felt in the value of Kn, which depends directly on the slope

fi. To achieve a similar effect with alternately horizontal and vertical NN

segments using Kx and K. respectively would require a significantly liver

mesh and thus considerably more machine time fr the solution. This sub-
case further serves as partial checkout of the significance of the

isolated surface anisotropic ffect.



difference analog. We note in Fig. 11 that the anisotrovic surface ten! -

peratures calculated with the vanishing mixed difference are not jut in-I enced by the reverse interior effect Lud are therefore higher to the left
of tie throat and lower to the right than those calculated with the second

order difference analog.

Even at the throat plane, both on the surface and in the interior, the[

results obtained are in agreement with expected effects, i.e., the calcu- I~
lated values exhibit slight trends characteristic of the correspondingIvaluas obtained to the right of the throat because of the steeper surfacer

alope to the right of the throat (20 degrees as compared to 10 degrees).

Case c. 98-degree orientation, K K K. - 0.2 (10.
- X 2.50 y

K. + 0.2 (i0-5), K =K, 0. At the surface, we get

2 - ~ 2 ~ K if
K =K. +0.2(10-5) [~-( ) '+ ~ ~ fjj

< K. ifR >I

Therefore, we expect Taniso < T at all points along the inside surface,iso
including the throat, because I f/axl < 1 ev ,rywhere on the surface (the

maximu= inclination from the horizontal being 20) degrees). Indeed, calon..
lated results agree with the expected direction of deviation (Fig. 1)

For the interior tempe~ratures calculated, there is oaly one case to analyze
K 2 T 2

because KyiyT= 0 no matrhow T sclcltd Actually two

cases were run, one with vanishing 82 T and the other with the second

order calculation given by Eq. 27 through 30, to check the programuing of

the latter. The results obtained were identical for the two cases, as

expected.

1*



- -:iWith the normally directed heat flux at the insde surface applied con--

, siderably more in a radial than in an axial direction (the Surface being

: inclined only 20 degrees at most from the horizontal), the radial tem-

. ' perspire gradlients should be much steeper in the interior than the axial

g:: :iand should also vary more abruptly. Thus, we can expect that

.Then, because K =K, - 0.2(10 - 5 ), N K K. + 0.2(10 - 5 ), i =Kt =K(!

and K =K- =0, we would have

PC -T- -5

tand we would expect Ttede > T.f° at positions which are far enough into
ie lmthe interior to escape domination by the reverse anisotropic effect at

ithe sur'ace. This is reflected in the calculated results (Fig. 11

. Case d. 0-degree orientation, K =K = Ks + 0"2(10-5) ,y K Kt Kiso-
0.2(10 ), Ki Ky shO. uld e reasoning here is just the reverse of that

used for Case c. Thus, we get

In~~ 2h inero, e e

1%K .2(10-_) _

1'0 y 5018

dC aniso iso -

and, throe wol expects > T. at itnhic rae ar enoug intog.1

Ithe interior, o et oiainb h ees nstoi fet

PC oretain 0L .2+ 0-5) 4, < -c

77is iSso15

46
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and we expect T < T. in the intericr, except near the surface where
aviso SO

the reverse effect dominates.

Case e. l3-degree orienta-ion, K= K = -0.1 K' =X y ISO xy
-0.1K! Similar reas.,.,iug applies at the surface as in Case a. In the

ISO
interior, however, we must, for the first time, assess the effect of K'

as well. In particular, by analyzing the subcase for which 62 T is taken

to be identically 0, we isolate the effect of the term 2K' aT/ax 6T/yXY

in the energy equation as follows:

TT1
I  T BT

PC PC- + 2K'
aniso iso

Therefore, because /bx, aT/8y, and K' are all negative to the left of
Xy

the throat (K' = -0.1K! < 0 because K! > 0-see Fig. 10), we have

PC < PC -0niso 180

and thus Ta < T. in the interior to the left of the throat, This

is borne out by the calculated results (Tan. 0  15170 < 15220 = T. ).
Thus, we see that the presence of the term 2K1 aT/ax aT/6y in the energy

XY
equation causes a reversal of the surface effect (in contrast to Case a)

and thus constitutes a significant anisotropic effect. To the right of

the throat we obtain the consistent result that in the interior Ta is

higher than T.
ISO

in the second subcase of Case e, in which the secondorder mixed difference

is employed, the direction of deviation from the isctropic results in the

interior is the same as in Case a but, as shown in Fig. 11, is more ex-

treme because of reinforcement by the presence of the nonzero term

2K' ZT/ax T/ay in the energy equation.

,7



TASK 1. C, MORE TM ONT CHARRING MATERIAL

The major effort required for extending the 2D-ABLATE program to treat

the case of multiple charring ablative thrust chambers was in programming

rather than in modification of the model equations or of the discretiza-

tion procedures. The latter was reflected only in the treatment of the

generated gas mass flux across a material interface; i.e., in the simula-

tion of interface conditions for solution of the continuity equation in

adjacent charring materials. The method adopted was to continue to die-

cretize the continuity equation at the regular points only (as in the

"old' version of the program in which only one charring jtterial could be

tieated) as if no intervening interface existed. However, t'e thermocherical

properties and charring temperatures associated with each cint must be

based on the properties assigned to the material in which tLe point lies.

The bulk of the programming required for the program extension was thus

uf a logical or accounting nature. Additional input allocation and assign-

,.ent of additionally indexed arrays were required for the constants and

temperature-dependent functions used to describe the gas generation and

cif ing reactions taking place within several rather than a single charring

mit 'ial. In Link 1, the selection of the bounding mesh lines for the

solut.on of the continuity equation was extended from a region lying within

a singi. matorial to a multimatei range. In Links 3 and 4, accounting

changea :re required to keep track of the regions and material properties

as the me h lines cross the interfaces and to interrelate generated gas

mass fluxes from one region to another. Checkout of the added Task 1.C

program capability was performed by comparison with previously computed

results for a carbon cloth-phenolic thrust chamber backed by a stainless

steel shell (the same control case used to check out Tasks 1.A and ].B).

Two cases were run. In both cases the carbon cloth material was axially

divided into three separate side-by-side charring materials (rig. 12 ), each

requiring separate input of the same material properties. In the first case,

all materials were treated as isotropic so that essentially the control

case was rerun to verily tLat all the charring calculations were being

<' i~
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per ned properly in each region. ie :rical results obtained were

clo.e but not the samo as those obcained in the control case. The dis-

crepancy vas cauzed by truncation error incurred in discretization of the

aad;Aional interface conditions required to express the continuity of heat

flux from material to materia> i.e., because of the hig'by nonliaear char-

acter of the variation of heat il with axial distance oec~rring at times

in the neighborhood of t..e interfaces. This was particularly true in the

early stage!' oi the run xten, in the vicinity of an interface, the tem-

perature had risen steeply on one side and not at all on the other side.

Despite this difference in results, the checkout was considered to be sue-

cessful because the charring mechanism worked as intended in the several

regions.

ln the second checkout case, the configuration and materials were the same

as in the first case but all three charring materials were treated as

anisutropic, the chamber and exit materials being given a O-degree orienta-

tion (8 90 degrees) and the throat material a 90-degride orientation

(8 = 0 A-egreed). As expected, the surface temperatures obtained in the

0 degre materials were higher and the interior temperatures were lower

ttaer the corresponding temperatures obtained in the first case, and the

r 'xvrme was true in the throat material.

50
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TASK 2, EFFECTIVE A3U.TION PROPEIV'Tlt3

INMODTJCT ION

The primary objecltive of Task 2 vps to define the effi-.-ive thermophysical

and thermochemical propertie3 of reinforced phenolin resin systems neeie..
for ablative design with -he 2i*ABLITIE program. The two systems of -

terest it the program were phei.olic-refracil1 and phenolic/carbon cloth.
Properties for these systems ere used for a portion of the 2-D comi-ute3,

runs of Task 3.

Task 2 also fulfilled the follow~na secondary ol.jectives: (1) operatioaal

checkout of the 2D-ABLATE computer program, (2) investigation of trial

and error techniques for matching experimental data with conqputed rrpsuts

and (3) analysis of parame+zic effects in areas which overlap~ad witth

Task 3

The physical properties required in the 2-D program either as functions

of teaiperat-re ki 2 , 5) or as constants (3, 6, 7) are as follows:

1. Density-specific heist product

2. Fraction of resin pyrolyzed

3. Heat of pyrolysis of the resin

4. Enthalpy oL' the pyrolysis gases

5.Thermal conductivity uf the char and virgin materiai parallel

and perpendicular tc the reinforcement

6.Char-reinforcement reactiop constants

7.Erosion constants

Insofar a8 was practical, these properties were obtained from the literate'xe.

The values for thermal conductivity and the enthalpy-temperature relationship

~~ for the pyrolyzsis gases were to be obtained by matching the calculated temp-

eraturc and char profiles of 2D AT f or assumed property values to the

7k'V



experimental temperature proLt1 d and _ar depthb from ablative-wealled rocket
i motor firings.

SAppropriate data for the effective property determinationz were v y-y lim-

Ited because of the three basic requirements such data had to Piect: (1)

relatively constant Phumber pressure and mixture ratio, (2) a sufficient

number of axial nd radial temperature measurements to define the tempera-

ture proIile as a function of time, and (3) injector performance which

gave minimal and circumferentia'Ky-imiform surface erosion.

The test data ultimately selected for determination of the pr3perties of

phenolic/carbon cloth were generated by the Research Division of Rocket-

plyne under Contract NAS7-304. The results of four 300-second firings with

the propellant combination OF2 /IH at a nominal chamber pressure of 110

?sia were employed. Theice tests provided data at three reinforcement

orientations*,0, 60, anA degrees, together with the thermal response

of a nonablative ATJ graphite-walled chamber.

No entirely satisfactory rocket firing datT were found to determine the

properties of phencli -r4 e..ii nblatives. Under NASA Contract NAS9-150

(Ref. 7), effective properties of phenolic-refrasil had been estimated

by means of the previous verison of 2D-ABLATE (2D-CHAR). However,

these estimates were based upon: (1) the assumption of a single charring

material and isotropic properties, and (2) upon back wall temperatures

which showed highly damped response.

The provious estimates of phenolic-refrasil properties from Ref. 7 were

rechecked by calculating the temperature history of the Apollo engine with

2D-ABLATE and comaring the results to the old calculations and to the

original experimental data.

In the following sections, the recommended properties for phenolic/carbon

cloth ant' phenolic-refrasil are presented graphically and in a numerical

form directly applicable for input to the 2-D program. Applicable proper-

ties lr the hard throat insert materials, ATJ graphite and silicon carbide,

t *Orientation is used here and throughout the Task 2 and 3 discussions to mean
the counterclockwise rotation 8 as defined on p.31 for use in 2D-ABLATE rather
than the ueual clockwise orientation angle. See footnotes on pp.31 and 41
for the precipe relationship between the two.
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are also presented. Subsequently, the experimental data and watching

procedures employed to define thermal conductivity for the two ablative
i systems are described.

The analysis of the experimental data used in the phenolic/carbon cloth

vroperty determinations is -articularly interesting because it clearly

shows the artifical nature of the usu.'l bou,-nary conditions assumed in

regeneratively cooled rocket chamber heat transfn -tilyses. It also

shows the significance of injector effects on heat transfer.

PROPERTIES

Product of Density and Specific k-eat

The recommended values for the p C product of phenolic-refrasil, phenolic/
p

carbon cloth, ATJ graphite and silicon carbide are given in Fig. 13. The

corresponding numerical input for 2D-ABIATE usage is presented in Table 2.

The method of computation and source data for phenolic refrasil were ob-

tained from Ref. 7. A similar procedure using manufacturer's listed

value for virgin density and the same degree of resin pyrolysis was em-

ployed for phenolic/carbon cloth. The values for ATJ graphite and silicon

carbide were obtained from Ref. 12 and 13.

Fraction Resin Pyrolyzed

The relationship between degree of resin pyrolysis and temperature is

given in Fig. I4. It represents the recommended input values for the

21-ABLATE program for ooth phenolic refrasil and phenolic/carbon cloth.

In terms of the program input variables

Maximum fraction .esinu pyrolyzed = 0.45

Maximum temperature of pyrolysis range 1750 R

Minimum temperature of the pyrolysis range = 750 R
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TABLE 2

REC0MED DENSITY--SPEIFIC HEAT PRODUCT INPUT TO

2D-ABLATE PROGRAM FOR ABLATIVE WALL AND

HAI) THROAT MATERIAS '

Temperature, p

Material R Btu/in. 3-R-

Phenolic/Carbon Cloth 350 0.015

560 0.015

1(,,60 0.017

1460 0.018

2060 0.o18

3460 0.019
7460 0.019

Phenolic Refrasil 360 0.0093

660 0.015

90o 0.018

1460 0.015

I 1960 0.016

3460 0.018
546 0. 02k;

ATJ Graphite 370 0.015

560 0.0175
1460 0.0195

2060 0.021

3460 0.022

7460 0.022
Silicon Carbide 300 0.012

600 0.023

1000 0.029

3000 0.037 (

6000 0.045
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The curve of Fig. 14 is based upon the data of Ladacki (Ref. 14) for con-

stant temperature or constant hea,ing rate pyrolysis in a furnace. The

data indicate that the fraction pyrolyzed at a given temperature is

practically independent vi heating rate over the range of heating rates

tested.

In initial computer runs conducted with a TAP-IV, 1-dimensional computer

program, an upper temperature limit for pyrolysis of 1600 F (2060 R) was

assumed. The subsequent reduction to 1750 R appeared to improve the fit

of experimental temperature histories to computer calculations,

Heat of Pyrolysis and Pyrolysis-Gas Enthalpy

The heat of pyrolysis for phenolic resins has bean shown to vary with

temperatures (Ref. 14). However, the 2D-ABLATE input format requires

the assumption of a constant value. A standard value for heat of pyrolysic

of 450 Btu/lb was employed in P11 computer runs of Tasks 2 and 3 in this

program. Because the heat of pyrolysis represents only a small fraction

of the total heat absorbed by the resin and subsequent pyrQlysis gas re-

actions, the choice of the value employed for heat of pyrolysis produces

negligible changes in calculated char rates over a range of several hun-
dr d Btn/lb.

The 2D-ABLATE program assumes that the degree of pyrolysis and the

composition of the pyrolysis gases are thermodynamically rather than

kinetically controlled and, that the pyrolysis gases are in local

thermal equilibrium with the char. As a result, the enthalpy of the

pyrolysis gas from phenolic resin is defined as a function of tempera-

ture only. During the Apollo RCS nozzle qualification program (Ref. 7),

this functional dependence was deduced by two parallel efforts. Develop-

mental test data for tka Apollo RCS engine were matched to c-aputer

predictiona of outer skin temperatures and char depth for achumed enthalpy-

temperature relations. At the same time, Ladacki's experime. ts (Ref. iA)

obtainied data ou the chemical composition of the pyrolysis vapors. An
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enthalpy-emperature curve was obtained from the respective mole fractions,

heats of formation, and sensible specific heats of the gaseous species

ebserved in Ladacki's experiments (together Vith the assumed conversion of

these apecies to carbon monoxide and hydrogen at higher temperature), which

substantiated the curve obtained by matching the CS engine firing data. The

enthsly-temperatare curve obtained in the Apollo qualification studies is

shown in Fig. 15. Recozmended input data to the 2D-ABLATE program are listed

in Table 3. The higher-temperature portion if the curve, which is based entire-

ly upon the assumption that the pyrolysis gas is composed of carbon monoxide gas

and hydrogen in this temperature range, is uncertain above approximately 3500 R.

TABLE 3

EFFECTIVE EhALPY OF PHENOLIC RESIN PYROLYSIS VAPORS

Temperature, Enthalpy,

R Btu/lb

0 0

700 0

1110 750

1560 1850

2060 3850

7460 9250

Thermal Conductivity

The values for thermal conductivity of phenolic-refrasil parallel-to and

normal-to the silica reiniorcement is shown in Fig. 16. The values shown

were determined in the Apollo qualification program (Ref. 15) by a guarded

hot-plate methoe using samples preconditioned at the te-t tempzrature.

Experimental eata were obtained at temperatures up to 15)0 F, and the

values defined for higher temperatures were e3timated theoretically by

assuming intereal radiant transport contributions (Ref. 7). The thermal

conductivity values obtained from the hot plate mensurements were employed

vith a variable pyrolysis gas enthalpy to natch the outer wall temperatures

of the SE-8 engine during actual firings to the computed results of 21)-CHAR.

Thus, the thermal conductivity values for phenolic-refrasil given in Fig. 16

and Table 4 are consistent with the enthalpy-temperature relations of
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Fig. 15 and Table 3. The data matching done with 2D-CA was checked

with 2D-ABLATE as described in a later section of this report.

For phenolic/carbon cloth, the results of the temperature-zatching proced-

ures betweep the OF/iff model motor firing data and the calculations of

2D-ABLATE predict an essentially constant value for thermal conductivity

of 8.0 x -0- 5 Btu/in.-sec-R parallel to the carbon cloth reinforcer-ent

(major direction). A slightly better data fit was obtained by employing

a moderate temperatuxe dependency, with the thermal conductivity decreas.-

ing from 10 x 10 - 5 at ambient temperatures to 6 x 10 - 5 at 1000 F remain-
ing constant for higher temperatures. Because of the r elatively lo

adiabatic wall temperatures in the Oo mdel notor (as discussed in

a later section), the aame char depth was obtained with either defini-

tion of thermal conductivity. Iowever, the former value of thermal con-

ductivity predicts a more conservative char depth for higher adiabatic
wall temperatures and therefore is recorended until high ediabatic -wall

temperature data become available.

The recommended value for thermal conductivity of phenelic/carbon cloth

normal to the reinforcement (minor direction) is 7.0 x 10- Btu/in.-sec-R

between ambient temperatures and 2500 E increasing slowly to 1.5 x I0- 5

Btu/in.-sec-R at 7000 R. Because of general similarity between the con-

ductivities of both phenolic-refrasil and phenolic/carbon cloth normal

to the reinforcement, a similar temperature dependenco is predicted

despite the lack of high-temperature experimental data for comparison.

The postulated temperature dependence gives conservative predictions

(greater char depths) and is therefore recommended. Recommended values

for the thermal conductivity of phenolic/parbon cloth are given in Table 4.

Recommended thormal conductivity input data for ATJ graphite and silicon

carbide obtained from Ref. 12 are also presented in Table 4.

Char Reinforcement Reaction

Provision is made in 2D-ABLATE for reactions between char and reinforce-

ment. No such reactions need be considered fcr phenolic/carbon cloth
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~char systems. However, the highly endothermic con-ersion of silica and

Scarbon to silicon carbide was conwic--J for phenolic-refrasil ablators.

In fact, chemical analysis of 0-ar specim-ens fro a the SE-8 motorwalls

~(Ref. 7) indicated no formation of silicon carbide. Pending experimental
I verification of appreciable carbide formation, no char-reinforcement re-

action inputs are recommended for phenolic-refrasi!.

~Erosion Rate Constants

• The melting point of carbon is above 7000 F. Therefore, the logical modes

for surface erosion of either ATJ graphite or car=bon-cloth reinforced

phenolic char are vaporization and chemical reaction with corrosive Com-

bustion gas species. Thermodynamic, chemical equilibrium calculations

and experimental data (Ref. 16) indicate that carbon is comptible with

HP and CO but is severely ttacked by H D and CO2 and, to -a lesser erent,

by H2 . The recommended erosion input data for either phenolic carbon

i cloth or ANJ graphite are listed in Table 5. They include vaporization

~constants from Ref. 17 and chemical reaction rate constants evaluated
1 i from data in Ref. 18, 19, and 20 for reactions with H2O, C02 and H .

~With phenolic-refrasil, melting of the silica reinforcement is the primary

erosion mechanism; the secondary mechanism being the char vaporization.

Recommended erosion input data for phenolic-refrasil are listed in Table 6.

For silicon carbide, throat erosion occurs primarily by means of decompo-

sition at temperatures above 4500 F. This erosion is "treated as a vapor-

ization mechanism with a total vapor pressure equal to the sum of the

~partial pressures of the decomposition products. Recommended erosion

parameters based upon vapor pressure data in Ref. 21 are listed in Table 7.

The proposed constants have not been verified by comparison to rocket

~motor firing data.

-4.
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TABLE 5

EROSION INPU DATA FOR CARBON-CLOTH EEINFO&CM P-0LIC ABIAtRS

AND ATJ GRAPHITE

IDt InputjS
i Parameter Value i-1eai rn
r Vaporization Mechanism

Diffusion Coefficient, in.'/sec 0.04 896 + Sn*
Vapor Molecular Weight 12 897 + 8n
Vapor Pressure Constant, psia 5 x 108  898 + 8n
Molar Latent Heat, Bt7 ') mole 314000 899 - 8n
Mass Latent Heat, Btu/1h 2b000 900 + 8n
Density, lb/in.3  0.081 901 + 8n
Specific Heat of Vapor, Btu/2b-P 0.44 902 + an

HO Reaction Constants

Molecular Weight of 10 1 936 + 8n*
Free Stream Mole Fraction of HB2 From performance 937 + 8n

"caicuiation -
Rate Constant, in./sec 2, 938 + 8n
Activation Energy, Btu/Ib mole 4.-21 x 10 j 939 + 8n
Heat of Reaction, Btu/b1 5000 940 + 8n
Mass Diffusion Coefficient, in.2!sec 0.034 941 + 8n
Product Specific Heat, Btu/lb-R 0.47 942 + 8n

H2 Reaction Constants

-,lecular Weight of H2  2 9768n* i
Free Stream Mole Fraction of H2  From performance 977 + 8n

calculation
Rate Constant, in./sec 0.095 .978 + 8n
Activation Energy, Btu/lb mole 6.8 x 10 979 + 8n
Heat of Reaction, Btu/lb 4 4500 980 + Sn
Mass Diffusion Coefficient, in. /sec 0.095 981 + 8n
Product Specific Heat, Btu/Ib-R j 1.0 982 + 8n

CO2 Reaction Constants2!

Molecular Weight of CO 4 4 1016 + 8n*
Free Stream Mole Fraction of C02  From performance 1017 + 8n

cIalculation
Rate Constant, in./sec 0.138 1018 + 8n
Activation Energy, Btu/lb mole 33000 1019 + Sn
Heat of Reaction, Btu/ lb 1 4500 1020 + 8n

Mass Diffusion Coefficient, in.2/sec 0.0214 1021 + Sn
Product Specific Reat, Btu/lb-r L 0.25 1022 + 8n

*Index n goes from 0 to one less than the number of regions
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TABLE 6

EROSION INTU DATA FOR PH1MOLIC RIFl1ASIL

-1 Data Input

Parameter V:lue Location

,qelting HMechani sm

elt Layer Therml Conductivity, Btu/in.-sec-R 4.6 x 10-5  '56 - 8n*

Viscosity Constant, lb/in.-sec '2.07 x 10-81 857 + 8n
Viscosity Activation Energy, Btu/lb mole 2.32 x 105 858 + Sn
Melt Specific Heat, Bta/lb-R 0.30 859 + 8n
Melt Density, lb/in.3 0.08 86 ' + 8n
Heat of Fusion, Btu/lb 861 + 8n
Melting Temperature, R 3360 862 + 8n

Vaporization Mchanism
2'

Diffusion Coefficient, in. isec 0.04 896 + 8n*
Vapor Molecular Weight 12 897 + 8n
Vapor Pressure Constant, psia 5 x 108 898 - 8n
.Molar Latent Heat, BtuV/Ib.mole .314000 899+ Sn 
Mass latent Heat, B+.u/lb 26000 . 900 +8n
Density, lb/in.) 0.081 901 + Sn
Specific Heat of Vapor 0.44 902 + 8n

TABLE 72

5-ROSION UffIrU DATA FOR SILICON CAMIDE

Data Lpi
___Parameter Value Location

Vaporization Mechanism

Diffusion Coefficien.t, in. /sec 896 + 8n*
Vapor Molecular Weight 40 897 + 8n
Vapor Pressure Constant, psia 4.28 x 10 898 + 8n
Molar Latent Heat, Btu/lb mole 215,600 899 + 8n

-A Mass Latent Heat, Btu/lb 4900 900 + 8n
Density, lb/in.3  0.01 901 + an
Specific Hea,6 of 1%nor 0.2 902 + 8n

*Index n goes from (i to one less than the number of regions
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ESTIBATION OF E TECTIVE TRML COND1" TIVITY

Phenolic/Carbon Cloth

The effective anisotropic thermi conductivity of carbon-cloth reinforced
13

ablatives was determined by compariag exrerimental wall temperature pro-

files measured in model rocket motor firings to the profiles calculated

by 2J--ABIATE with assumed values of thermal conductivity. The experi-

mental a tta used lor comparison were ge-ierated with the hardware shown

in Fig. 17 • It consisted of an ablative-walled combustion chamber and

an ATJ hard throat section backed-up by porous graphite (Ref. 22).

The experimental conditions for the four tests employed in the data-match-

ing procedure are listed in Table 8. The fo'n tests covered reinforcement

orientations of 0, 60, and 84*, together with a test in which the combu3-

tion chamber walls consisted of the noabiative ATJ graphite. Considera- . I
-i tior of three reinforcement orientations permitted the definition of the

directiorul thermal conductivity of the ablatives while the data from the - -
1 | passive ATJ graphite wall firing established the hot-gas boundary conditions.
I

I TABLE 8

RTW CONDITIONS FOR v.)DfFIII4GS (D.2)SELECTED F'OR

i EVALUATION OF EFFECTIVE PROPRTWIES FOR PEKOLIC/A ABON CLOTH

Test Number

2 7
Nomial Chamber Pressure, psia 110 110 110 110

Nominal Mixture Ratio, o/f 2.0 2.0 2.0 2.0
f Mainstage Duration, seconds 300 100 300 300

Throat Insert Material ATU ATJ ATJ ATJ

Chamber Insert Material ATJ Phenolic/ Phenolic/ Phenolic/
Carbon Carbon Carton
Cloth Cloth Cloth

Ablative Material Reinforcement - 0 60 84
Orientation 'relative to radial I
coordinate), degrees

*The orientation z e_rebssd as the angle betueen the reinforcement ad

the radial vector consistent -ith the 2-D ABLTE definitions.
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xFxperimental wall temperature profiles in the combustion chamber alls

vere obtained from thermocouples embedded at the axial locations and

depths (from the hot-gas surface) given in Table 9. The temperature his-

tories recorded during the four motor firings are listed in Table 10.

The overall 0F0 /M experimental program from which the data of tests

I through 4 were obtained included a series of very short firings in

copper-walled chambers under conditions of chamber pressure, mixture

ratio, chamber geometry, and injector configuration very similar to ft1.se

of tests 1 through 4. With proper instrumentation and reduction of cir-

cumferential and axial conduction, the transient wall temperature data

from such firings permit a calcrimetric measurement of the heat fluxes

to the copper walls under conditions of high gas--to-all temperature dif-

fernce. From the transient heat flux data, the gas-side heat transfer

coefficient is defined by

h qJA (2-1)g _T -

-where Taw is the adiabatic wall temperature determined from the thermo-

dynamic gas stagnation temperature by propellant performance calculations

at the bulk mixture ratio. The gas-side heat transfer coefficient profile

I defined by the cepper-wall =teor firings (Pf. 16) is shown in Fig. 18.

The shape of the curve in Fig. 18 agrees with the prediction ef the simp-

lified Bartz equation (Ref. 23).

Based upon the data in Fig. 13, the first attempts to match experimental

and calculated wall temeerature profile employed a heat transfer coeffic-

ient calculated by means of the simplified Bartz equation and an adiabatic

wall temperature based upon the thermodynamic gas stagnation temperature

at a mixture ratio of 2.0. From the Rocketdyne N-element performance pro-

gram (Ref. 24), T was equal to 6200 F.gram

Initial triel and error calculations to determine effective thermal con-

ductivities were conducted with TAP-4 computer program modified for ab-

lative calculations. The formulation, method of calculation, and speci-

fication of physical properties in TAP-4 are essenvially the same as those
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TAM 9

LOCATION GY TEMOCOUPLE USED TO MEASURE EUERIMEWL

TEH.IffUE BISTORIES USED FOR EVALUATION OF

,TIVE PROPETIE FOR. PBMOLIC/CARBON CLOM

(Thrus5t Chiamber Loations, LF/Amine Tests 1 Through '&)

Test Number
1 2 13 4

Thermocouple Axial and Radial Coordinates, inches

Number X Y X Y X Y X Y

1 5.23 2.11 2.87 2.61 2.87 2.61 2.87 2.61

2 5,48 2.94 2.87 2.16 2.87 2.16 2.87 2.15

3 7.73 2.11 2.87 2.93 2.87 2.93 2.87 2.93

4 7.98 2.94 2.87 2.36 2.87 2.36 2.87 2.36

5 5.23 2.11 5.74 2.61 5.74 2.61 5.74 2.61

6 5.48 2.94 5.74 2.16 5.74 2.16 5.74 2.16

7 7.73 2.11 5.74 2.93 5.74 2.93 5.74 2.93
8 7.98 2.94 5.74 2.36 5.74 2.36 5.74 2.36

9 10.32 2.94 9.48 2.46 - - 8.97 1.90
10 11.32 2.94 9.48 1.71 - - 8.97 2.93'I I11 - - 9.48 2.93 - - 9.48 2.32

12 - - 10.32 2.32 - - 9.48 1.72
13 - - 10.32 1.57 - - 9.48 2.93

14 - - 10.32 2.93 - - 10.32 2.32

15 - - 11.38 2.36 - - 10.32 1.57

16 - - 11.38 1.76 - - 10.32 2.93

17 - - 11.38 2.93 - -

i 68 ,
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1. Test ! -l. ?eSt 2
The.-ocoup1 e Nurber . I

~2 I 2 3 4 3 6 7 81 0f112 311Yie , , ,I,
secands re=pe rature, F secands

.0 81~ 82i 87; 871 83 85 831 87 92; 92j 7.5 851 75 90~ 801
10.0 W 265 710 3N) 605 2065 670 240 ?10 175 10.0 85 7r 9q 8

20.0 1110- 620 1175 680 1055 605 1110 590 4251 400 20.0 80 100 90 so
30.0 195 890 15 0990 1375 870 1490 860 625 585 30.0 80 140 91 90
40.0 1610 1135 1825 1250 1620 10 0 1770 1040 790 730 40.0 80 215 90 100
50.0 1800 i1330 2060 1440 1815 1260 2030 1185 930 870 50.0 85 295 95 125
60.0 1935 1470S 2230 1585 1970 1410 2210 1310 1060 1010 60.0 95 405 95 155
70.0 2040 1580 2355 1695 2085 1535 12335 1 430 1170 1110 70.0 110 505 100 195
80.0 2130 1640 24:0 1805 2170 -64O 2440 1535 1270 1205 80.0 130 595 115 240
90.0 2160 169o 2515 1900 2235 1730 2515 1.35 1360 1285 90.0 155 665 1351 290
100.0 2195 1735 2570 1990 2285 1805 2575 1730 1430 1360 100.0 195 720 i60 340
120.0 2250 183C 2635 2040 2375 1930 2650 1890 1545 1 1475 120.0 290 845 210 455
140.0 2300 192(, 2670 2250 2450 2030 2715 2015 1620 1580 140.0 360 930 350 565
160.0 234' 1985 2710 2335 2500 2105 2565 2120 1680 1670 160.0 410 1025 420 66o
180.0 12370 2040274-5 2400 2540 2170 2800 2210 1750 1750 180.0 455 1120 445 70
200.0 2395 2090 2780 2460 2580 2220 2835 2280 1810 1820 200.0 490 1260 44o 820
220.0 2410 2120 2805 250:5 2605 2260 2860 2340 1870 1890 220.0 530 1400 500 890
240.0 12425 2155 2835 2550 2620 2295 2880 2390 1925 1945 20.0 575 1480 540 960
26 -.0 2440 2175 28601 2585 2635 2325 2900 2435 1980 1995 260.0 615 1525 580 1040
280.0 2445 2200 2660 2620 2640 2350 2920 2480 2030 205 280.0 65o1580 625 1451
293.5 245 2220 2650 2650 2645 2370 292-5 2500 12070 2075 30.0 168 1625 68o 1270_

1 . Test " IV. Test 4 -

Thermocouple Number

3 4 5 6 7 9 10 Te I
second . Temperature, F seconds

40.0 95 155 -5 110 90 220 90 110 40.0 25
50.0 0-0 215 105 150 330 95 1 3 50.0 40 20
60.0 115 280 115 180 100 425 100 180 60.0 65 25 20
70.0 130 345 130 2570. 10 95 30 25

80.0 155 410 155 285 10 61o 105 285 80.0 15 135 35 50
90.0 180 470 175 330 145 780 115 350 90.0 20 185 40 70
100.0 215 535 200 1 380 170 915 120 415 100.0 30 235 45 85
120.0 3oo 665 275 477 -25 1155 140 ,6o 120.0 45 320 45 115
140.0 375 790 345 570 29) 1350 175 710 140.0 70 340 55 170
16o.0 ,4 920 395 705 355 1495 210 875 160.0 100 365 65 210
180.0 500 1030 435 810 410 1620 255 1040 180.0 125 445 85 250
200.0 560 H20 465 900 480 1715 290 1185 200.0 150 585 100 285

220.0 615 1205 490 C)'80 560 1785 335 1315 220.0 175 705 115 320
240.0 665 1280 510 1050 640 1840 390 1420 240.0 195 815 130 380
260.0 720 1345 525 1120 730 1875 455 1500 260.0 215 905 145 460
280.0 765 1405 540 1190 820 1905 5502800 230 975 160 550
293.0 800 2355 0 885 1920 585 280.0230 97'43525 0 

295.



-t2

1 51211 1o6 7 1 i 819 11 o .1 I12F!4-15116 -
_ _ __ _ e e m t u r e , F 1 _ _5 F _ _ 5_ _ i_ _ _

85 90 1-5 so 90 801260 6-0 145 2251 525 105 21 395 -5
85 700 1905 8090 801 390o 195 200 310; 65 13! M 490 10 180 140 29 o s 8 W1 °°o 715 117 450 59-0 945 1305 510 7-5 145

81 90 o 105 go 95 875 141 00 M 11640J
80 215 901 1 0 80 1 g -25 i 36O 85 00 m15p 25cf 5 870 1070 310

95 0 95 55 95 295 95o!'O 51] j3 - 5 8

85 295 9 5f 1!5 85 215 90 165 1335 1835 1910 1150 149C -770 1005 1200 405S5 225 1470 19601110 1127 168514) 1120 13151490110 505o100 195 105 410o100290 15952080116513951755 9501 15A25 5-5
1320 55 1 25 0 1003601 218012051149511860 10 0 1315 1525, 67o

135 2901130 615 10 435 1295 22"5 1250 11595 1955 1050 5 1405 1610 750
195 7-2o 160 34011501 71010 1 30 500118802360 1310 1680 204511 .0o 14901700 8 350
290 845 210 45511901 8651160 1 620 2045 248 5 1415 1835 2210 1240 160 1855 1985

*360 930 3501 56 250110151205 735 21801 2575 1520 1980 2340113651 ±1775 198:511110
410 1025 420 66o131 11180 255 8401 23001264011620 2110 2460 i&75, 1893 20 15455 112"0 445 740 390 11365 310 965 2410 2690 1700 9915 2555 157-)200:i2160 137P

00 1 2 0 46 5 3811 5 12 16ol100205i

0 2 440 8204 130 115 2 735 1780 2310 2635 6601209 2216 5
530 1400 500 890 555 1460. -50 1260 2 570 2780118551239C. 2690 17551p21752M0 1510
575 1480 540 9663511510 5 142026402815 192024602705 18352250 2325 11590
61 25 580 1040 690155510 15602695 28511995 2525 2695 1910w 23201 236016W
650 150 6 145 740 6 16750 1540 2750 2890 20531 2590 2745 1 957 2315 1750

126:) 13j 2501 05 i o 75I 2 39 5 1 750685 0 127 785 11725 755 15 280 952 6 210-5[ _0_ _0 _ -

TerocuPle F ~uzer__ __ r__________
1 2 3 415 68 7 8 9 10 1 j ~ 14 1 15 16 17

Tew irture, Y _ 15

1415 865110051450 865 870 12901 760
0 20 95 10 1605 1025 1200 1670 1050 1070 1505 940

65 25 20 130 15 1770 115 5 1365 1850 1200 1230 167.5 109510 95 30 1 19C 1280 1505 1995 1330 1365 1825 1220
13 5 3 0 20j 55 202j 151630z 2125114-45 140 1950- 1340 J

20 15 40 7 5 270 T5 2125 f1485 1740 2235 1550 1593 2065 "440
30 235 45 85 20 *350 1 95 2215 1580 1 850 2330 1645 1695 2165' 1530
45 320 45 15 25 46 20 1135 2365 1740 201 2 1810 1875 2345 1690 2
70 340 55 170 60 580 35 1175 2495 1865 2160 j2645 1960 j2030 2490 1835

100 365 1 65 210 85 750 55 220 2610 1995 2290 2750 2090 165 2395 1965
123 1445 85 2-50 110 960 I75 275 2710 2100 242-0 2845 = 1529 6525
150 585 l00 285 125 1110 95 335 2799 2200 2520 2905 2285 /2390 2785 2180
72855 2285 2600 2970 2365 2485 2860 2270195 815 1)0 -,4, 175 1320 125 -490 2910 235 2665 30024 55 2935 2350

215 905 1~ -4 0 * 2 1 c 1360 130 590 296c0 2420 I2725 3070 2500O 2625 3015 2425
2310 975 16U I5 0 130 T35 IC 2995 24PO 1 2775 3115 I2560 2700 3090 2490I

___ -1___ _E __302' 2525 12809 14 2610 2745 314524
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3W0 F measuredu 'iith the optical Pyroater.ear

Because of the disc-vaaies bet-ween calcnlated and measured terueratures,

the gas-side boundary conditions vere reviewed 'with particular attention

given to possible injector effects on thrust uamber beat transfer. The

injector ei-ployed in the test hardware -was particularly designed for a

low E-xture ratio near the charber walls so as to red-ace the concentra-

tion of -dater vapor b,21ow the- corrosive lirrit.for carbon 'walls. Sampliug

of the injector spray pattern !nder cold flow conditions had demonstrated

that the mixture ratio near the wall 'was reduced to less then 1.0 (Ref. 16).

gas streams have not approached equilibrium after as auch as 22 equivalent
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ztm diees -~r,-ti reaonaile to expect theat the eombustion
Zz3in"76ce+-c~w2 __b a local ei~ r-z defined by the midxture

ratio disrbzo z. tehs than the

j ~ ~ lor zbe enatrle yed i.n the ablative =tor firings. the adiabatic

wvail te±~erazure was therefore thszdto b & esta h

ibe~dya~rc ez~era-Zre for the hulk mixtare ratio as assumezd for regen-

erti~-e cooling. Ue ircreaze in measzred wall temperature's from the

inJector to zl'- throat for The data of ezIas inmiicated that the

Reaietic zvbsfo h daatcvl eraturewa an th gas-side heat

tr=afe coffiien inthetest hardyare-vere derived by an iterative

procedu-re. .An adiabatic wall temperature distritbution was first assumed.

A distribution of heat transfer coefficients -'as calculated so as to re-

su'It in the ezperintal heat fluz profile to copper cham-ber walls at
200! F. These adiabatic v.ali temoersawue and film coefficient distribu -

zizims were then employed with 2D-ABLXEM to caleulate the wail temperaturej - profile of Test 1. If a match was not obtained with experimental values,

a newv set of vaiuea for adiabatic val temperatures was postulated and a

new iteration was codCm-ted. TL-e -..ed a as 'outi =&ied until calculated
and experimental wail temperatures converged. The final distributions of

adiabatic vall temperasture and heat transfer coefficient are given in Fig. 19.

Me~ gas-side boundary coaditioas shown in Fig. 19 produced the vail tempera-

ture histories shown as dotted curves in Fig. 20. The corresponding experi-Lj
nental temperature histories are superimposed thereon as solid curves

shoving reasonably good agreement between computed values and experimental

On the basis of the revised gas-side boundary conditions, new sets of ablativeI - wall temperature profiles vere derived with the TAP-i computer program for
saumed values of thermal conductivity. Because of the relatively low adia-

batic wall temperatures involved, the range of caloulated wall temperatures
waes relatively narrow for carbon cloth ablatives. Therefore, it was consid-
ered impractical to define a temperature dependency for the thermal

conductivities derived. Examples of the match betweeu experimeutal and

W_ calculated temperature profiles are givea in Fig. 21.
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Figure C1. Tem~perature Prof iles in Carbon Phenolic Ablators
Z;.t 280 Seconds for an Adiabatic Wall Temperature

of 2800 F and a Seat Transfer Coefficie~nt of
0.0008 Btu/in2 -sec-P



The curvyes rp ee lc*-atvz. .t_he TAP-4 program for various
values of thermal conductivity. Further refinement of the computed results

Swas subsequently accomplished withL the 2D-ABLATE program. It is because of

I the relatively low wall temperatures (both calculated and experimental)

Sshown in Fig. 21, that no verification of the high temperature thermal con-

i Iductivity of the ablative walls could be made. Rocket motor firings giving
i ° i verified adiabatic wall temperatures of at least 5000 F under well-

! instrumented conditions are required to obtain such high temp erature

i " in-ormation.

i ,- The comparison bctwean calculated and experimental profiles for the three

~reinforcement orientations was combined with that between the experimental

and calculated char depths* and weighted with the requirement that the

i i radial thermal conductivities for these orientations be related by Eq. 2-2.

-5'

- 'Btu!

vales cofth.mera s the i ectiy. therremal aondf the cotheruit
pa orieqcentl oh mpl s hd u ti at e uine proam. ct is beca w o

the rlatistop ll mpuertrs (botha) cte aepimtal

shwhe in e ige e21 tha etnioveticai fte e thermal con-rogram,

T- henol~tic-enral datafered forkedly arom e th ose obtaiyed o ph e rain-

duapcati of th ablte hapllo Coe d e made. rocket mnoter frngs iving

extension. The computer model of this test configuration is shown in
Fig. 22. The specigic dat employed were the backwall temperature

sExperimenta char det s were based upon photographs of sectioned chamber
walls. Calculated char depths are based wpon the requ F ieotherm.
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hiatorles during a given mission duty cycle at tvo ext~±rnfil points. The

axial locationc (Fig. 22) correspond to (1) the ns-zle throat, ;md (2)I on 1 inch downstream of the upvtrean fase of the --t~ inoing

Because of the limitations of 21)-CMA (mentioned above), the original

effective properties Yere estimated 'wdithcaxt cconaideration of &A~xotropicity.

.Additionally, the reinforce=-nt orientation in the charZer/extensio

(45 degrees relative to the chamber centerline) differed from that in the

nozzle (parallel to the nozzle centerline). Tvao separate calculations:1 were made to produce a match betureen the experimetal and predicted back-

wall temperature histories. The first, in uhich the reinforcement orient- -

I ation in the entire motor was assumed to be 45 degrees and -the second, in

J -which it was assumed to be 0 degrees. With these assumed orientations,

the effective thermophysical and thermochemical properties were estimated

byseparately matching the throat statioa and nozzle station data (Ref.

7). This approach with the 21)-CHAR was required because that program was

limited to isotropic properties and could accommnodate one charring mater-

ial only. The property variation resulting from a different orientation

of an anisotroDic material is in effect a second cha-rring mterial.

IAl-ter resolving the anisotrrpic properties estimated with 21)-CHAR into

Sjthe major and minor directions, the properties as previously estimated 1

were submitted on 2D-ABLATB. The results are shown in Fig. 2'3 and 24 .

The experimental Apollo data as well as the backwa'11 temperature history

predicted by 2D-CMA are superimposed. The differences are nominal; e.g.,
J2

nowhere exiteeding about 20 F at the throat station. Mhe effective thermo- r---5

physical and thermochemical properties thus estimated lvere presented in

Table 4. Again it should be remembered that temperature measurementa5 in

thi, range qhown in Fig. 24 and 25 are not a verification of ablative

thermal conductivities at high (>2500 F) temperatures.
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The -two-dineasional coapViter program is ideally suited for the calculation

of -hbar rate,, erosio!3, and temperature distribration vithixi curved bouadaries I

-And =uliimterial configureationa typical of real thrust chamber walls if

2 -all the system para--zers reured for program input are known. However,
theuseof he ounterproranto optioize an ablative wal configaration

iwithin the coxk=tra.in%',- ofr an overall engine-design requires an iterat~ve '
procedure in which the parameters not compl etely fixed by mission require- I
ments are systecatically varied. Because of the large numzber of possibleJ

narameters to be considered, a systematic ablatiTe design requires that the

approxirate effets of the most important pfdlmeters be known in advance;

Subsequent sections of this report provide the designer with information

f relating the useful life of ablative chamber wfalls to the more important[
operating variables and =a-Zerial properties. Discussio- is restricted to
the following thermal responses: (1) char rate, (2) thermal penetr- ion,

and (3) surface erosion and surface temperature. Other factors in mnechan-f ical desiLgn which are related to thermal history such as material strengthV

and thermal stress are nnt considered. Discussion is also restricted toI the phenolic resin systems and to the cojnon reinforcements, refrasil and
carbon cloth.

SIGNFCANY PAIIAMEr~ERS

The variables known to be important to ablative chamber design can 'he

divided into thr-ee categories:

1. Combustion gas properties and operating conditions

2. Chamber geoometry

3. Wall materia: properties --
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The tn-opllaet eox~ination Ps- :d.-t=ire rzic eibe the gas eamr-

and saich proper,.ies as speciffic hea:-. mzIecrl&r- weight. =d-rstozs

vdiich im tern define the beat zrans-fer coeffi-ciezat amd Ube octrio

temperattire and the effective gas irepertiez are spe-ified bythmixmre

ratio near zhe vall. ?he chamber operating conSitions w!hich4 affect

ablative chamber design are dety cycle, chanber preamure, and 1threat

level. Duty cycle specifies not only the total firing daraticei bu also

the available cooldownm De-jiods between successive firings. To the extent I-
that sensible heat stoired in a char layer or refractory thro&t inse-rt can

be -os -~ radiation between firing periods, the length of the palses

and the inter-Dosed cooldownm peiods can reduce char depth =nd surface

erosion.

Chamber pressure determines the heat transfer coefficient and the concen --

tration of corrosive species Sn the combustion gases. Wi-th of-her conditious

fiethe magnitude of the heatrase cefint deerrinesho asl

-the surface temperature approaches the adipbatic wall temperature. Orwe-

wieranges of heat transfer coefficient, variations in AT between- the

surf-ace and adiabatic wall temperatures produce relatively smail pereen-

MW tage changes in the AT between surface and charring reaction zone and
therefore relatively minor differences in char ra-'. However, because of

the Arrhenius type of temperature dependence for surface reactions, the

differences in surface temperature produced by changes ina heat transfer

coefficient can produce significant differences in surface erosion. Thrust

level comibined with chamber presaure and contraction ratio determines the

throat ansi chamber dimensions and thereby the two-dimensional nature of

the axisy~etric system.

- -The ob-vious variables of chamber geometry are -the expansion and contraction

ratios, the contraction and expansio~n 1/2-angles and the asrrangement of

hard or soit' throat inserts with multilayer ablative walls of different

reinforcements and reinforceme~nt orientatic us. Tt,,, effects of these var-i-

ables are two-dimenbional in rnalaire and many of the boundary conditions

are difficult to specify for a real system.

-. ~ -2



TI ts~~mz~ diffiCM-1it to SpeciOy lbe bezt trs~czer-icle~i for

Mnttes- r-e Ce -'ar ieem -rations-' r

the radiati-e viewv falr brr lae thma reicit 2=Q frieL s-p.ce

An s=- race e.rosien re-szsta-e. Ybe the:n l Comaei'viiy Of the eh~controls

the diff-ftsion of heat hron= ibe c -ingases to tThe chr'Tit r-aation

zone. High thern-nti ccne tiv-y zioe3a higb ch=arng rate but also

j ~~radnees a Ivwer ~wae e~e a =&r a thserefore - a-o-rer -fzce ermosIon.jThe therwl conmctilvity of the virgin ablative determnmes the thereMl

peerto bag virgin ableativre. 2esin content detezzines tlet~e

:1 of ch-ar fro-it edrance as do ihe ezergy 2bsorbing procemses oecxnrz-g in the

>1char- lay-er between the char anfhe percolating pjrolysis gases. Althnugb

lhb? rezct:'-ion between refrasil (Silica) reinforcement and char 1-a been
preosed as a high hea--t zink, Roakefyne experience on the Apollo programI indicates that this react on does not occur.F

-Zbe resistance Uo erosion of ablative or passive refractory mat riala is

dependent upon a high =el4,ting point, loy +mvor piressure, and co!Tsatability

vith boundary layer gas species. The optimal cobination of lt.% erosion,

low char rate, and lorw thezz~al Penetration vill usually require a uI-ti-

layer combiniation of ablative and pasesi-ve maten-ials.

Although the heat transfer in an ablative ay-atem is, -in fact, tw'O dime-

sional, the radial temperature gradisants through myst chamber vwils are

niuch larger than the axial gradients. IFor convenience in prelirninazy

design, axial conduction can be ignored and a "first eut" design can be

- based on radial beat transfer only. Similarly, it Asj most convenient to

evaluate the effecte of the variolls physical, chemical, vnd transport

* propertiea of the wall material and combustien g" on a one-dimensional
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ME-DIVf~iSMUNL REIATIGMHiFS

-i Experiments (Ref. 1V) have shown that charring of phenolic resins occurs at I
a rapid but finife --ate over the approximate temperature range 300 F to

1600 F. Therefore, a na-rrw zone of partially charred resin rather -.han

a distinct char-virgin interface exists in ablative walls both during and

after burn time. However, because of the thermodynamic description of

the char reaction in the computer program it is convenient to define a

char front for purposes of comparing various parametric effects. In the

following sections of the report, char rate is defined as the rate of

advane.. of the 1000 F isotherm. Similarly, char depth is the distance

from the lio4-gas surface to the 1000 F isotherm.

Transfer of heat from ablative walls to outer portions of the vehicle isr
directly related to the tempe~rature profile in the virgin material. This

can be loosely expressed as thermal penetration through the wall. In the

following sections, thermal per~etration is defined as the location of the

100 F isotherm-'with respect to the surface for a system initially at 70 F.

Surf'ice erosion is the increase (assumed circumferentially uniform) in

the diameter of the chamber at a given location.



Surface temperature is -he -eperatare of the ablative wall exposed -be
- -he combustion gas. This response is directly related to surface erosion

an i some cases is usdin place oferosion fo vlaigparaetric
~ef fects.

Thermal Conductivity ;

The effece of ablative wall thermal conductivity on char depth is shon

in Fig. 25 through 27 for adiabatic wall temperatures of 3500, 5000, i
and 7000 F respect ively. All curves are based upon a chamber radius of

1.90n in aom a is ueinplc of eosinch. The 500 F curves are based

upon a heat oransfer coefficen of 0.00065 Bu/i incan e in content

of 0.30; the 5000 and 7000 curves are based upon a heat transfer coefficient
-2

of 0.0005 Btu/in -sec-F and a resin content of 0.25i All three graphs show

that char rate is a strong function of thermal conductivity. If a modified

Biot modulus is defined as:

Bi -hg & yc (3-1)
kc

where y is the char depth, a simple expression can be written for the

effect of thermal conductivity on char rate which applies for Biot moduli

I greater than about 10. This simple expression which can be employed to

interpolate between curves is

(Ac)2
k2 (3-2)

The curves of Fig. 25 through 27 are for heat transfer coefficients in

the range of 0.0005 to 0.00065 Btu/hr-ft2-F typical for a combustion

chamber at chamber pressures from 70 to 150 psia. The relationshir between

char depth and thermal conductivity for very high and very low values of

heat transfer coefficient i& given in Fig. 28 . For high values of

film coefficient, Eq. 3-1 and 3-2 still apply for interpolation. However,

char depth is relatively indeperdent of thermal conductivity at very low

values of film coefficient (Fig. 28).
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Tine ef fect of thermal conductivity on thermal penetraition is shown in

Fig. 29. As weul1d be expected, thermal penetration depends upon the

cendutivity of both the char and the virgin mteriala. The results shown

in Fig. 29 can be exten-ded to other adiabatic wall temperatures and other

char- and virgin-region thermal conductivities by means of the relation:

_P 2 Fv 2(3-3)

In Eq. 3-3, A y pis the thermcl penetration depth (the 100 F isotherm)

virgin material. The char depth can be obtained from Fig. 25 through 27

while a reference Ay is obtained from Fig. 29".
P

The effecet of thermal conductivity upon the gas-side surface temperature
is shown in Fig. 30 for an adiabatic wall temperature of 5000 F and a

heat transfer coeffic.Lent of 0.0005 Btu/in2-sec-F. The effect of increusing

thermaal conductivity is to reduce the rate at w'hich the surface temperature

approaches the adiabatic wall temperature or, in other words, to lower the

surface temperaturt; at any time. Interpolation between the curves of

IFig. 30 and extrapolation to other adiabatic wall temperatures can be

I - made witL fair accuracy by the relationshipi

C- -t/T 
10)

aw a aw - J2 f2

T -T)/(T 120 k134
Faw s aw 10)

I where tbe effective temperature of the heat sink is tlaken to be 1200 F.

Eq. 3-24 may be used 2:hen the modified Biot number defined by Eq. 3-1 is

greater than 10.

In gencral, all three responses, char rate, thermal penetration, and

surface temperatare are related to the square root of the thermal conduc-

tivity. These thermal conductivity effects with ablation are therefore

very similar to the roAationships for ordinary transient conduction. in

-:~ AA
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using the curves of Fig. 25 through 30 a mean thermal conductivity

for the char layer should be estimated.

For low thermal conductivity materiaJ, in uhich the char rate io relatively

low and the radius vector does not change drastically with time, the char

depth is known to increase approximately as the square root of time. This

tris t-ue of the curves of Fig. 25 through 27 for burn times greater than

approximftely 100 seconds.

Adiabatic Wall Temperature

Rates of char front advance at Taw of 3500, 5000, 6000, and 7000 F are

compared in Fig. 31 . The curves apply for a heat transfer coefficient

of 0.0005 Btu/in2-sec-F, a resin content of 0.25 and a thermal conductivity
assumed to vary linearly from 2 x 0-5 to 3 x 10 - Btu/in-sec-F between

2500-and 7000 F. As shown (Fig. 31 ), the char depth for a burn time of

150 seconds is almost 50 percent greater for an adiabatic wall temperature

of 7000 F than for a temperature of 3500 F.

Even on one-dimensional lsis, the effect of adiabatic wall temperature

on char rate is considerably more difficult to generalize than the effect

of thermal conductivity. The view factor of the surface to low-temperature

regions (free space) determines the degree by which radiation can reduce

the heat flux into tLe wall and thereby reduce the char rate. Similarly,

surface reactions can absorb significant amounts of heat to reduce char

rate, but the resultant erosion will remove insulating char and thereby

increase char rate. The curves of Fig. 31 are for negligible radiation

and surface reactions.

An approximate method for calculating the effect of adiabatic wall temper-

ature upon char depth is to apply the formula

( ce, 2 aw) (35

l V90

90- - _ _ _

VI
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' .. wh re e en alpy pa a e e . s otained from Fig. A e enthalpy

,. , . " ":parameter is defired by . i

.../"where A H is the total heat absorbed by resin pyrolyais, gas -rckLr,

_ .: and sensible heat absorption by -the pyrolysis gases. Eqluation 3-5 applies /

- : . for modified Bier numbers greater than 10 and for negligible radiation

and surface erosion.

-4

'": iThe effect of adiabatic wall -temperature upon thermal penetration is shown-

{} in Fg. 53 .Comparison of Fig. 33 and 31 indicates that the effect of :

differences produced in char rate. Under steady firing conditions, -the ,;

difference betweey the thermal penetration front and the char front is

effectively independent of adiabatic wall temperatre and is a function ]

only of virgin thermal conductivity and time. :'

; ... 'The relation between surface temperature and adiabatic wall temperature "
tis shown in sig. 3. The surface temperature is shown to gradually

; : approach the adiabatic wall temperature. The curves of Fig. 34 can be"

i "' effectively normalized into a single curve by plotting the ratio ,

12T 00

aw

vs time as hown in ig. ob. The results shown in Fig. 35 provide

he justification for employing rsq. rh 1o accoun for hermal conductivity

and adiabatic wall temperature changes from values employed in Fig. 3o. .

Resin Fraction -

The effect of variable phenolic resin content upon the char rate of abla-

tive alls uder conditions of high thermal conductivity and high hea

Th rlaio btwe srfcetepeaur ad dibai wlltepe9tr

issoni i. 3i.Tesrae eprtr ssont rdal



to" .

k 20 X10-

10 3_____ 10 90____ L120.. . 15

-3 CCONDITIONS

LS k___ = 3. XX0-

60030012 5

TIM~E, SECONDS

Figure 34. Effect of Adiabatic VWal I Temperatre on the Srfaz
Tempetratioe Tog Ablative Wall

I. ______9_



n -n

II

C:

oo
pre 0

a ;

H 0

00 04

10 0U -.

-Y U.Ut -4

LA 000n

- 1.414

944



i--nfrcofiin is shown in Fig. 36 for tkds vrine fInc4GW.5

t the char rates for he tvo rein fcons eare cear a nbe rirVS of

the larger beat caw~ciiy of the high-resin-cneni ablative

sults in a lover char rate. T-he effec of resin content on char rate 4.

not amernable -to generalization under high heat transfer conditins ecause

of the coupled effect of chaber radius on overall heai canacity and rsd-al

char conductance, (k/A c). Under conditions of lower heat flux, ani partic-

ularly for conditions in which the nodified Biot ntmber defined Ly Eq. 3-1

is greater than 10, the effect of reain content on char rate can be approx-

itaied by

The effects of resin content on thermal penetration are shiown in Fig. 38

For high conductivity ablatives, the effect of resin content on therma.

penetration is negligible. For low conductivity ablatives, higher resin

content reduces thermal penetration by the samc degree to which it reducesii: the char rate. Under steady firing conditious, the difference between

the thermal penetration front and the char front is independent of resin

fraction and depends only on the virgin thermal conductivity and the burn
Itime.

The surLace temperature histories of ablative walls with resin contents

of 0.25 and 0,45 for an adiabatic wall temperature of 5000 F, a heat

transfer coefficient of 0.0005 Btu/in2 -sec-F and an average ehar thermal

conductivity of 7 x 10 - 6 Btu/in-sec-F are compared in Fig. 39 . The

resin fraction is shown to have a negiigible effect on surface temperature.

A similar result is obtained over wide ranges of thermal conductivity,

adiabatic wall temperature, and gas-side heat transfer coefficient. How-

ever, close to the point of complete depletion of resin, the surface

temperature deflects upwards. The lower the initial :esin content, the

earlier Is the inflection of the associated temperature history.
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;-' Beat Transfer Coefficient

6The effect of heat -transfer coefficient upon char rate -through high

conductivity and low conductivity ablatives is shown in Fig. 40 and 4 1,

~respectively. Through a high conductivity wall, the ef~fect of an increasing

~heat transfer coefficien-t is to significantly increase the char rate. In

~fact, for low values of the modified Biot number defined by FEq . 3-1, the

- - increase in char raie is more than proportional -to the increase irs beat
transfer coefficient. For low conductivit ablatives (Fig. 41 ), the

effect se ransfer coefficient becomes egligible for heaC frcnsfer

"oefficievt aoe001 Btu/in2-see-F. In +rens of chamber operating

variables, this means that char rate is essentially independent of chamber

pressure for chamber pressures above approximately 200 psia.

The effect of heat transfer coefficient on the surface teuerature of a

low conductivity ablative is shown in Fig. 42 . For low conductivity

ablativels and with uegligible endothermic surface reactions and surface

radiation, he surface temperature closely approaches the adiabatic In11

femperaure for high or moderate heat tansfer coefficients. In fact, for

chamber pressures above 200 psia, the.ablative surface temperature for low

! conductivity ablatives* will approximate the adiabstic wall temperature

within 100 F in the combustion chamber. 'No simpl general statement can

be made with regard to high thermal conductivity ablatives.

The effect of heat transfer coefficient upon thermal penetration through a

low conductivity ablative is shown in Fig. n . As oith the adiabatic wall

-- temperature and the resin content, the effect of beat transfer coefficient

is t shift th thermal penetratio front by a distance equivalent to the

~shift in char front.

Chamber Radius

The effect of chamber radius n char rate is shown in Fig. 4, For low

values of ablative-wall herma conductiviy acd hea transfer coefficient,

there is essentially no dsference in th between chamber radii

epernaic-refrsil or phenolic-graphite at orientations greater than 75

degrees.
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j of 1.90 and 10.0 inches. For high values of ablative wall thermal conduc-

tivity and heat transfer coefficient, the char depth for a chamber rcdius

I of 1.90 inches is less than for a chamber radius of 10.0 inches. The dif-

ference represents the competing effects of the greater heat sink per unit

area of hot-gas surface and the greater average normal area to conduction

heat transfer per unit hot-gas surface for the srisll chamber radius. Because

the correction for chamber radius is small, the approximation resolting

from solution of the implicit relation

_(R + & 2 2 MA.

ray be employed for low thermal conductivity ablatives. To correct the

parametric curves of this manual for chamber radius, a value of 1.90 inchesV - should be employed for R I

The Affects of chamber radius on surface temperature &ad thermal penetration

are negligible for ablative materials and need not be shown, This is not: Inecessarily the case for passive refractory surfaces.
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NOZZLE TM RAT ERSION

] Surface erosion in ablative rocket engine walls is important primarily in

the nozzle throat region because the throat area increase produced by

i recession may reduce chamber pressure which in turn effects thrust, specific

impulse, and propellant flovrates. Some estimation of throat lifetime is

therefore desirable before a preliminary multiatiriml, rocket-engine wall

configuration should be specified for analysis by 2D-ABLIUTE.

Experimental results (Ref. 25) of firings with the propellant combination

of NT-0/5O% N H4 - 50 UDMH (flame temper.ture = 5180 F) indicate that

refrasil-reinforced ablative materials are poor choices for throat walls

Ifor chamber pressures of 100 psia or higher. In environments which do not

contain water vapor, phenolic/carbon-cloth soft throats might be considered

for low chamber pressures. However, hard graphite throats would be pre-

ferable from strength considerations.

The co-on mteri .! for hard throat inserts are sil-con carbide for pro-

pellant combinations such as NTOi5O% N2H4 - 50% UDIMH which contain appre-

ciable amounts of water vapor and graphite for fluorinated oxidizer

systems which contain little or no water vapor. In noncorrosive gas

stream, graphite is able to withstand higher temperatures than silicon

carbide which vaporizes because of decomposition at temperatures in the

neighborhood of 4700 F (Ref. 21).

The erosion mechanisms for ATJ graphite provided for in 21-ABLATE i-_

clude vaporization and chemical reaction. Vaporization is a function of

adiabatic wall temperature together with heat and mass transfer coeffi-

cients which jointly determine the surface temperature (vapor pressure)

and rates at whih, heat diffuses to the surface and carbon vapo-s diffuse

into the main gas stream. Chemical reaction is determiaed by adiabatic

wall temperature, heat transfer coefficients and free-stream coricentra-

tions of corrosive species. To a lesser extent, the thermal conduction

"r of the throat backup material and the view factor to the nozzle exit ar-.

also important.
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:3 Representative erosion rates for ATJ graphite throat inserts by hydrogen

~~and by vater vapor are given in Figs. 45 and 46 , respectively, as func- i;

. ~tions of adiabatic wall temperature and free-stream mole fraction of the {
'} reactant gas species. The erosion rates were calculated by a Rocketdyne i'

! : one-dlimensional computer program, _q-W, employing the erosion mechanisms

; " of 21D-ABA and the recommended erosion properties from Tables 5 through i
:':: 7. The calculations assume a 2-inch throat diameter, an expansion ratio

":i . of 40, and a phenolic-reirasil overwrap. The data apply directly for a

~chamber pressure of 500 psjaa. Estimations for other chardber pressures "\

i may be obtained from the graphs by employing an effective mole fraction, ,
-Xe 

defined 
by

X _-

'!where X is the free-stream mole fraction at the chamber pressure of

:i interest.C

i-i  Representative erosion rates for silicon carbide throat inserts are given
in Fig. 47. The method of calculation and assum-d operating coaditions

are those described in the previous paragraph for ATJ graphite. Because

the erosion of silicon is assumed to be strictly by vaporization, the
d ata in Fig. 7 are independent of chamber pressure except for the

effect of chamber pressure on heat transfer coefficient and adiabatic

wall taperature.
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TWO-DIME IONAL ABIATION

Analysis based upon one-dimensional beat transfer permits estimations of

the required thicknesses of ablative walls, durability of throat inserts,

and insulative overwrap for an ablative engine at given operating condi-

tions. From these estintions and from the chamber dimensions specified

by chamber pressure, thrust, and expansion ratio, a preliminary ablative

wall configuration can be drafted. The (i.ar rate and temperature distri-

bution in the actual chamber walls will differ from one-dimensional esti-

mations for the following reasons:

1 1. The boundary conditions along the combustion chamber and nozzle

walls vary from the injector to the nozzle exit. These boundary

conditions include adiabatic wall temperature, heat transfer co-

efficient, and radiation view factors.

2. The boundaries in the throat region are not normal to the radial

heat flux vector of a one-dimensional analysis.

3. The differences in thermal conductivity between typical throat

inserts and ablative materials amplify differences in radial tem-

perature profile produced by axial variation in boundary condi-

tions.

4. The anisotropic thermal conductivity of reinforced ablatives 'will

aamplify axial conduction produced by differences in radial tem-

perature profile.

To determine the importance of the two-dimensional effects in ablative

chamber walls under steady firing conditions, seven computer runs were

conducted with 2D-ABLATE for representative thrust chamber configurations

and operating conditions. The conditions investigated are listed in

Table 11.

Two propellant combinations, CIF 3/N2 4 and N20/NH-UD(5-50) are con-

sidered. Carbon cloth/phenolic ablative walls in the combustion chamber

and nozzle tcgether with an ATJ graphite throat insert are used with the
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ClF /NA propellant combination because of the compatibility of carbon.

oit.h HF and also because of the high melting point of the reinforcement.

: With the N2,/N9U2D% M (50-50) propellant combination, phenolic-refrasil

is used for the combustion chamber and nozzle walls; either phenolic-re-

frasil or a silicon carbide insert is used at the throat. The operating

conditions (Table 11) include both high and low chamber pressure (i.e.,

high and low beat transfer coefficient) and high and low mixture ratios

(i.e., high and low adiabatic wall temperature).

~1

Thrust Chamber Geometry-Ni
The ablative motor configurations considered in the two-dimensional com-

puter runs are shown in Fig. 48 through 51. In all configurations,

internal wall materials in the combustion chamber and throat regions are

surrounded by an overwrap of phenolic-refrasil whose reinforcement is

oriented for low radial thermal conductivity. For convenience in computer

programing, the boundaries and wall material interfaces cousiat of

1straight-line segments. Although these geometries are idealized and im-
practical from mechanical strength and molding considerations, the general

results of the thermal analysis of the simpler geometries are applicable

to more complex boundaries.

The mixture ratios given in Table 11 are assumed to be the mixture ratios

close to the chamber wall, so that the flame temperature for the subject

propellant .ombination at the given mixture ratio is close to the adiabatic

wall temperature once combustion is complete. The heat transfer coeffi-

cient in the throat region and in the nozzle is defined from graphical

correlations given in Appendix D. Radiation to the nozzle exit is based

upon a graphical correlation of view factors given in Appendix D.

On the basis of the analysis of the OF2/?OfH ablative chamber in Task II,

the following assumptions were made for the two-dimensional computations:

1. The full length of the combustion chamber is required for combus-

tion; i.e., the local adiabatic wall temperature rises linearly
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from a value of 24i60 R (2000 F) at the injector face to the final

adiabatic wall temperature di fined by the mixture ratio in the

convergent section of the nrzzle.

2. The heat transfer coefficient varies locally in the combustion

chamber, so that when combined with the a T between the true

local adiabatic wall temperature and a wall at 500 F (regenerative-

cooling wal'l temperature),, the same heat flux is predicted as is

obtained by a calculation using the simplified Bartz equation

(Ref. 23) for heat transfer coefficient and a A T based upon

the thermodynamic gas temperature.

The adiabatic wall temperatures after complete combustion and the heat

transfer coefficients at the nozzle throat are listed for the seven

computer rums in Table 12.

TABLE 12

ADIAEALTIC WALL TEMPERATURF AND THROAT HEAT TRAMSFER

COEFFICIENTS FOR IO-DIMENSIONAL COMPUTER RUNS

TADW Throat Heat
Computer (Mixture Ratio), Transfer Coefficient,

Run R Btu/in.2-.sec-R

1 6780 0.0018

26780 0.00029

3 5000 0.00031

4 4600 0.0056

5 4500 0.00038

6 5400 0.00030

7 6000 0.0051
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Results

The final char front, gas-side surface temperature profile, and outside

skin temperature profile after a 300-second burn time are graphically

illustrated in Fig. 52 for the chambiers lined with the high-conductivity,

phenolic carbou/cloth ablative. In all cases, the char front has penetrated

completely through the cirbon cloth ablative into the phenolic-refrasil

overwrap. Around the chamber and threat regions, where the overwTap of

the low-conductivity 75-degree-oriented phenolic-refrasil is 1.0 inch thick,

the outside skin temperature is near or below 100 F. In the nozzle, vhere

the overwrap tapers to zero thickness, the skin temperature climbs to tem-

peratures over 1000 F. The higher skin temperatures in the nozzle also re-

flect the change in orientation between the overwrap reinforcement and the

nearest hot-gas surface due to the expansion half-angle of the nozzle. "

In all cases shown in Fig. 52, the inner surface temperatures rise in the

* combustion chamber because of the increase in adiabatic -wall temperature.

In the nozzle region, where the adiabatic wall temperature is constant, the

inner surface temperatures fall because of the decrease in heat transfer

coefficient. The difference in the inner surface temperatures shown in

Fig. 52 between computer Runs I and 2, which have equivalent adiabatic

wall temperature distributions, shows the effect of chamber pressure (heat

transfer coefficient) upon surface temperature,

Char front and inside and outside surface temperatures for phenolic-refrasil

lined chambers after a 300-second burn time with N20kI/N2 H-UDMh (50-50) at

a chamber pressure of 1000 psia and mixture ratios of 1.0 and 2.0 are graph-

ically illustrated in Fig. 53. Because of the lower thermal conductivity

of phenolic-refrasil, the char depth is not as high ap with the phenolic

carbon-cloth systems. Near the injector end, the caar front does not pene-

trate through the inner chamber liner. The lower thermal conductivity

also reduces the outer skin temperature.

For high heat transfer coefficients, the char depth can be calculated by

one-dimensional relations, In Fig. 54 and 55, the char penet.'Ition
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calculated by 2D-ABIATE ii computer Run 1 fzr phenolc/carbon cloth at Y

a chamber pressure of 70 psin is compared to the char penetration cal-

culated by the one-dinEnsionUA graphical relations of Fig, 25 through
S in the one-dimensional calculation, local values of adiaubatic .vall

temperature and heat transfer coefficient were used together with a radial

thermal conductivity calculated from:

K F.7, c 2os2 0 4-Ke &in 2

and the recomaended values -f major and minor axis thermal conductivity

from Task 2, Char rAte in the overwrap layer was calculated by combining

the thermal resistance of the totally charred inner layer with the gas-

side resistance to yield an overall heat trensfer coefficient defined by:

U +k (3-9)
g c

derived in Appendix J, As shown in Fig. 54 and 55, the agreemont between

the one-dimensional and two-dimensional calculations of char depth is

rather good for the operating conditions investigated.*

Comparison of the results of one- and two-dimensional calculations of com-

bustion chamber and nozzle char rates for chamber walls of phenolic-refrasil

at a chamber pressure of 1000 psia is given in Fig. 56 through 59 . The

agreement is not as good as with the phenolic/carbon cloth but is certainly

satisfactory for preliminary design purposes, considering the uncertainties

in the specifiction of adiabatic wall temperature and heat transfer coef-

ficient in real rocket engines.p . Operation at low chamber pressures (low heat transfir coefficients) intro-

duces differences between one- and two-dimensional calculations of char

rate (Fig. 60 and 61). In this case, the char rates predicted by 2D-

ABLATE are significantly higher th-ough phenolic/carbon cloth inner cham-

ber liners than those predicted by one-dimensional calculations at a cham-

ber pressure of 50 psia. The difference shown in Fig. 60 and 61 results
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A

a

from the combined effects of the axial gradient in adiabatic wal tempera-

ture through the combustion chamber and the high internal conductivity in

the phenolic carbon cloth wall relative to the surface heat transfer coef-

ficient at low chamber pressures. The net effect is conduction of extra

heat* from the throat region (where the adiabatic wall temperature and heaV

transfer coefficient are higher) to the combustion t;2mber valls and, thereby,

production of additional charring, above that produced Ly r&dial heat trans-

fer. The anisotropic conductivity of reinforced .blat:ves, particularly

favor this type of condtiv'ion when the fibers are orient'4 ' dppreciable

angles from the radial chamber coordinate.

At low chamber pressures, the char rate through soft throat sections is

calculated to be higher by 2D-ABIATE than is predicted from on.-dimensional

calculations (Fig. 62 and 63). In this case, the higher char rates are

apparently due to the Larger surface area for convective heat transfer in

the throat region relative to the area defined for one-dimensional radial

k heat transfer, i.e., the throat acts like a fin. At high chamber pressures,

where the surface resistance to heat transfer is negligible tompared to the

internal resistance in the walls, the fin effect of the throat is insig-

nificnnt.

Gas-side surface temperatures at relatively high and relativel . lou. chamber

pressures are presented in Fig. 64 and 65. At high chamber pressu'es,

the normalized difference between adiabatic wall temperature and s97.Iace

temperature, TAw - Ts/TADW - 1200,drops below 0.10 in less than 100 seconds

of burn time except in the expansion region of the nozzJe. This means that

surface temperatures will typically approach the adiabatic waU temperature

to within 500 F unless lowered by surface reactions. Because surface re-

actions will involve some degree of erosion, a conservative preliminary

estimation of the onset of throat erosion should be made on the basis of

erosion relations presented in Fig. 45 through 47 at various free-stream

concentrations of corrosive species in the combustion gas streams.

*In any conduction process, hi-h resistance at the boundaries relative

to the internal resistance Aars" the internal temperature profiles.
'n
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According to Fig. 65, the gas-side surface temperatures will be appreciably

beloL the adiabatic wall temperature in all portions of the chamber at low

chamber pressures (< 50 psia). A prelimiuary estimation of throat ero-

- f sion based upon the adiabatic wall temperat-ire will thprefore be con-

servative at these operating conditions.

Intermittent Duty Cycles

To examine the effects of a multiple start duty cycle, Computer Run 8

: was made with the thrust chamber configurat'on and propellant combina-

tion of Computer Run 1 (Table 11 and Fig. 48) but vith a burn schedule

as shown below:

Time, seconds Duty

0 to 200 Fire at 500-psia chamber pressure

200 to 2200 Soakback
2200 to 225G Fire at 100-psia chamber pressure

* 2250 to 2550 Soakback

2550 to 2580 Fire at 500-psia chamber pressure

The computer run was terminated during the final burn period when the

time limit on the iBM-360 computer was exceeded.

At the end of the first burn period, the char front (1000 F isotherm) had

penetrat,-d approximately 0.20 inch i.bo the phentdiL refrasil overrap

around the combustion chamber and approximately 0.30 inch into the over-

wrap in the throat region. In the nozzle region charring was complete

at area ratios greater than 3.0.

At the end of the 2000-second first soakback period, the char front ex-

tended approximately 0.50 inch into the refrasil overwrap aroua the

combustion chamber with essentially the same penetration in the throat

region. In the nozzle, the wall was completely charred through for area
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ratios between 2.8 and 8. In the combustion chamber, charring continued

for practically the entire soakbnck period. The entire second burn period

was required to reheat the char layer in the combustion chamber and throat

regions with no additional charring occurring during this period. At the

end of the second soakback period (300 second), the char front had pene-

trated approximately 0.58 indh into the refrasil over-wrap in the combustion

chamber and 0.65 inch in the throat region. Charring was still in progress

at the end of the soakback period.

During the first soakback period, the additional char penetration in the

combustion chamber was approximately 45 percent of the total penetration

through both the inner carbon cloth and outer refrasil ablative materials

which took place during the first burn period; but it was 2-1/2 times the

penetration through the refrasil overwrap alone. During the first 500

seconds of soakback, the char ra-e in the refrasil was almost equal to

that at the end of the burn period. In the throat region, the additional

char penetration through the refrasil during the firs.t soak period was

approximately 70 percent of the penetration through the refrasil during

the first burn period. The reason for the high additional char penetration

during soakback for the conditions of Computer Run 1 is the high thermal

conductivity of both the inner carbon cloth chamber liner and the ATJ-

graphite throat insert. As a consequence of their high conductivities,

these portions of the chamber wall attain a relatively uniform temperature

close to the adiabatic wall temperature and can store a significant amount

of heat. Because of the low conductivity of phenolic refrasil, it requires

long soakback periods for this heat to be dissipated. The high thermal

conductivity of the inner wall materials together with the low conductivity

of the phenolic refrasil also produce the long heat-up period before

charring resumes upon ablative-motor restart.

At the end of the first burn period, the outer skin temperature of the

phenolic refrasil had risen only from 70 to 80 F in the chamber and

throat regions, but had risen to 2760 F at an area ratio of 5. At the
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end of the first scakback period, the skin temperature in the throat region

had risen to 320 F, but the nozzle skin temperature bad dropped to 1975 F.
During the subsequent burn and soakback periods, the chamber and throat
region skin temperatures were almost constant, but the nozzle tempera-

tures fluctuated with heating load.

The results of the multiple restart computer experiment described above
are specific to the engine configuration and mission cycle specified.

However, they reveal the gelieral qualitative trends to be encountered

with this type of operation.

The duty cycle of the Apollo Command Module rocket engine whicb provided
the data for evaluating the thermal conductivity of phenolic-refrasil

under Task 2 of this study furnishes an example of a combined pulse mode

and multiple restart operation. The portion of the duty cycle of the

Apollo engine examined and the calculated char penetration through the
combustion chamber walls during the periods of pulse, full burn, andsoakback operation are summarized in Table 13. Charring occurs during

both burn and soakback periods with the actual burn time for the entire
~duty cycle being 74.7 seconds. The adiabatic wall temperature and heat

transfer coefficient in the Apollo engine are 4000 F and 0.00048 Btu/in.2-
sec-F in the combustion chamber just ahead of the nozzle throat, while
the radial char thermal conductivity for the phenolic-refrasil walls

(45-degree reinforcement orientation) is approximately 1.2 x 10- 5

Btu/in-sec-F. From one-dimensional calculation for the actual burn

time (Figs. 25 and 31 ), the char depth is approximately 0.23 inch,

while rigorous calculation by means of 2D-ABLATE results in a char

depth of 0.57 inches.

The general conclusion to be drawn from the intermittent duty cycle modes

of operation examined is that the char rates are significantly different

from the rates under steady firing conditions and require calculation by
numerical methods which consider the specific geometrical arrangement

and type of burn cycle of the system.
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-o Table. 13. Char Penetration Through Combustion
-Chamber Wall of Apollo Nozzle

- I

Start of Interval, &nd of Interval, Fraction Burn Char Depth at
Seconds Seconds During Interval End of Interval

'0 180 0.08 0.19

180 350 0.0007 0.19

350 363. 4 ,00 0.22

363.4 768 0.0725 0.41

768 105. 0.0 0.44

1052 1132 0.089 o.44

1132 1 1324 0.0 0.44
1324 1440 0.008 j 0.44
1440 1516 0.123 0.48

i516 1570 0.00 0.53
1570 1760 0.0148 0.57

I [
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S0)M{AW OF DEI PROCDURES

I To effectively employ 2fl-ABIL4TE and the parametric relations in this

report, the !oilowing general el1-cn-atio-nmi proced-ares are reco.-ended:

I. Conv'ert engine specifications into heat tr'ansfer boundary

conditions. The engiue specifications are propellant combi-

nation, mixture rqtio, chamber pressure, thrust, expausion

ratio, duty cycle, and proposed injector. From these speci-

fic-ations, the approximate chamber uadl contours are defined

* jbefore a he~at transfer desigs begins. The necessary heat

j transfer boundary conditions are adiabatic vall temperature

j profile, heat transfer coefficient profile, and the internal

radiation view factors.

j The adiabatic wi'41 te per~atuxe is determined fron tire fi-ze--

* temperature of the propellant combination at the operating

mixture ratio. Flame temperature is obtaired from any avail-

able propellant performance proUram such as ihe Bocketdyne

N-element program (Ref. 24).

Local heat transfer coefficients along the chamber axis itan be[

obtained from the graphical relations of Appendix D) baaed upon[

the simplified Bartz equation (Ref. 23) sigcombustion gas

properties from propellant performance data. Radiation view

factors for the throat and nozzle regions are obtaiaable from

graphical correlations such as thboss given in Appendix D).1$
2. Choose ablative wall materials on the basis of adiabatic vafl

temperature and compatability uith combustion gaaes, carbon-
cloth phenolics for high-temperature gases with minimal waterF
content, phenolic-refrasil for low flame temperature, and

water-containing combustion gases. Reinforcement orientation

should be 30 degrees or more from chamber axis to prevent

delamination.

4:l



3. Fron the average theral co-ductivity of the ablati'e wall chosen,

the adiabatic wall teperature, and gas-side heat transfer coef-

ficient, estimate the expected char depth fro= the curves of

Fig. 25 through 44 . Interpolate between c:ves by means of

Eq.3-1, 3-2. 3-5, 3-6, 3-7, and 3-8. Extrapolate to longer

burn times by assuming that ehar depth variez as the square

root of time for long burn time. Make an initial allowance of

50 percent =re char depth for intermittent duty cycle.SI
4. It char depth is considered excessive, try overwrap of phenolic

refrapil vith orientation nearly Parallel to chamber axis for

low char rate. Calculate char rate ;n the o'-erwrcp layer from

Bq.. 3-, starting the calculation at the time charring of

inner wall layer is complete-

5. For chsber pressures above 50 paia and long duty cycles,

- . - consider hard throots: graphite for fluorinated oxidizers,

silicon carbide for cozbustio gases with appreciable oxygen

or water vapor. EstiMAte throat erocion from Fig. 45 through

477. If erosi. it oe-essive by order of magnitude, chamber

pressure and/or mixture ratio will have to be changed. If

erosion is mwrgir4, tw.-dimensional calculation may change

prediction.

6. Estimate thermzal penetration depth from Eq. 3-3 and Fig. 29.

If limitations on the outer skin temperature exist, make initial

estination of additional overwrap required over and above char

depth so that t-her-l penetration does not reach outer skin.

7. Lay out exact contours of wall segments based upon strezs and

fabrication considerations.
J

8. Test configuration with 2D-ABLATE. If erosion is excessive,

chamber pressure and/or mixture ratio must be changed. Either

bulk mixture ratio or mixture ratio near the wall (by i.njector

modification) may be changed. Adjnst thicknesses of inner and

outer ablative layera from char and thermal penetration results.

Cousider outer insulation when necessary.

ii:
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REOMfEMNTIONS FOR PFMJRE EFFORT'S

The main area of uncertainty in the design of ablutively protected liquid

engines is in the prediction of surface recession rates. Theoretical models

have been drawn up for surface degradation based upon three primary mechanisms:

1, Melting of the surface leading to mechanical removal of char

through shear and/or pressure gradient

2. Chemical reaction with the combustion gas

3. Saublimation

The present 2-D program includes provisions for all these mechanisms. The

theoretical models on which the calculations are based have been shobn to be

in reasonably good agreement with simple experiments. However, because all

wodels contain Arrhenius-type expontial terms (e - E/ T), they are very

sensitive to c* e~ficiency and to mixture ratio which determine gas

temperature. Moreover, because the local mixture ratio affects the

surface reaction (rather than the overall mixture ratio), the reported

bulk mixture ratios given in the usual engine test reports are not

necessarily an accurate measure of the ablative surface environment.

Consequently, most of the data from small engine firings are relatively

useless for checking the validity of computer program calculations.

A particularly disturbing observation concerning average surface recession

rates as usually reported (total change in cross-sectional area divided by

firing time) is the fact that "after" photographs often show scalloping

attributed to oxidizer streaking, whereas the computer program assumes

uniform recession. It is obvious that available surface recession da&.

can only be applied by a pe'son thoroughly familiar with the injector,
chamber, and instrumentation employed in the test.

Several combinations of analytical and experimental investigations could

advance the state-of-the-art knowledge of surface recession. Shch inves-

tigations are recommended to include the following:



1. Critical re-examination of available ablative motor test data; e.g.,

establish contact with the original investigators, define the

additional complications in the reported test data caused by

7 injector effects and process these runs through the 2-P program

to determine whether the overall growth of the cross-sectional

area can be adjustcd to a uniform recession model by a simple

accomodation coefficient. The restrictions upon the use of such

a coefficient would be eetablished possibly in terms of an in-

jector spray pattern ratinig.

2 Other analytical attempts to describe nonuniform erosion with

the help of the 2-D program.

3. Generation of additional data in critical regions using hard-

ware specifically designed to produce a uniform mixture ratio

and a well-developed flow profile throughout the ablative portion

of the nozzle. Such firings would check the validity of the

uniform recession under the idealized conditions assumed.

4. Variation of the wall mixture ratio in the test apparatus of 3
above through selective hole enlargement in the injector. The

resultant effects on throat erosion would be measured in a few

firings. The results would be compared to the predictions of

previous hot-gas mixing experiments obtained at'Rocketdyne and

elsewhere to determine the possible variation in mixture ratio

effects in an ablative chamber design.

. Extension of the 2D-ABIATE to cover heat transfer and erosion

mechanisms heretofore not included; e.g., effect of iolid particles

in the gas stream, radiation from gas to wall, variation of the

gas-side heat transfer coefficient with time, boundary layer cooling.

6. Rtension of the 2D-ABIATE to include calculation of view factor;

thermal stress analysis; convective heating, charring and erosion

at any boundary with a more flexible mesh procedure to handle

alternative configurations.

Jg ,It should be voted that all recommended tasks are independent of ach other;

i.e., any task or portion of a task may be executed with little effect on

the information to be obtained in the other tasks.
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NO)MCL&TURE

I'A. B. = areas of thrust chamber inuside subsurfaces, i=1, 2N

B =input constant characteriiatics of the blocking pbhenomenon

C(Th cp, specific heat of wall 3wi-erial

C = free stream specific heat -at -constant pressure

F1 F(T) =fraction of mass converted to -as or fraction remaining
r, as solid due to gas generation reaction r in charring

material

F G
i,k' 1i,

and H *k = view factors from inside subsurface i to subsurface k

f (XT) = radial position of receding hot gas boundary

GxG y = axial and radial components of generated gas mass flux
in charring material

G G components of generated gas mass flux in minor and major
77 directions of conductivity for anisotropic charring material

IG.(x,'T) =Mast' flux of gaseous species j at exposed inside surfaice

H.(T) =enthalpy of gaseous species j at exposed inside surface

H(T) =enthalpy of gases generated in charring material

AH = heat of decomposition mode r at eroding wall surface

h(x,T,T),h 9 = heat transfer coefficient

i~con(X') basic convective heat transfer coefficient prior to
conv modification to accourt for blocking

K(T),k = thermal conductivity of wail material

K n= conductivity in the normal direction at the surface of
an anist-ropic material (see Eq. 23)

K, K ,K conductivities in the axial, radial, and "mixed" directions
x X for an anisotrop ic material (see Eq. 22)

ii,, conductivities in the minor and major direction for an
anisotropic wail material
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in, s outwcarinormaealcutrlcws agnildrcin

q(x,'r) = heat f lux

R (x,y,T) = rati o, KGA

T(x,y,T) -temperature of -wall material
T (4 ) adiabatic wall temperature
T a(X'y = =xu -value df T achieved by time T* at point (x,y) in

max wall material

T =mi-.4mum pyrolysis temperature of charring material

v =normal velocity of gas or liquid at exposed inside surface

x =y axial and radial coordinates

$ ~1 j mole fraction -

Ax, A~y axial and radial distance increments

-rfdatio vie factor from wall surface to outsEide

6 = spatial difference operator

emissivity of material surface I
p(T) =spatial density

~1 ~= major and minor directions of conductivity for an aniso-

tropic material

a Stefan-Boltzmann constantJ

T =time

A T time increment used for time step calculationsK

0 ~ agua iplcmn o n f ietin rm ~ddireztions, respectively, for an anisotropic material

U overall heat transfer coefficient

Pr Prandtl number
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KIM,,

A, B, C, D) v oi-nta ~adzer t e ro wit 0 in finite differ_

*Ct ~ -19Of e--eZZ:y eo~etio=
CMUT = dize to c4arecn

14 f = effer-tive

eve dL =ue t~o e17W~ o~mmr heating

0 interior poin

r =index ranging over erosion modes at -the exposed inside
svrface or over gas gpneraion reactien3 in a cdaxzing

rad =due to radiation

rerad = due to raFdiative exebzang-e at the exposed inside sarface

v =VixgiziL

c char

4 Units

Wjhen not otherwise specified, t. t folluwing units apply:

=It/in.-e-F

-. pG. s=Btu/in.-
-' P
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\--a C -t-I ]Ll 2.,

--iev air frcm the inside surfface areas A. to thze base areas

%-a a ~ A Fc )/ A (A-5)
11 i+1' 2 i' i

Mepoeur ilb indicated for seireral values of i and k. The reat

is dne imilrly Toget Fi i start b7 uriting the identities r.-1at-1. =Zae iti h fir-st disk:

V IAI

-F= (A-7)

F + FI (A-S)

From Eq. A-7 and A4 and the identityV

A.F =Aj A9
~r7,8 S,r

ve cbtaia the folloving relationahipv:

-1Sabst-tution of F., and F in Eq. A-6 and rearranging will yield



mo" -AA"-

Similarly, to get F,,we atart by uriting one identity based upon analysis

of the second disk:

4-P (A-12)

as veil a* two othi-rs obtained by treating the first two disks as a single

dishc (by removing side

F F + F+ F l 1,13

F F + F1.(A-14)

"S' CF5 ~2

By ccombinizig Eq. A-6 and A-l1 with A-13, and Eq. -A-12 with A-14, we obtc.n I
the following expressions:

PI' + Fja A - La
r ' +F F (A-16)

From Eq. A-16 and A-9 we get

F--1 F L , (A-17)

and finally, from Eq. A-15 and A-17, we obtain -

jF 1 , 2  [A (I -F Ao Q F j ,.(A18

Eq. A-18 is a special case of Eq. A-4 ffir il l and k =1. [
In a gimilar fashion, ve can derive the following:

P1 3 + F1A x FI -4

F F (A-20)
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1,1

0' -" '

and, finally, the following special case of Eq. A-4 for i =1 and k 2:

(FA - F A- Q (F ~ F ] A,. (A-22)

Mhe remainder of the F. .can be obtained in a similar favhion (or by
induction).1

u-f

J
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APIPMIX B

DEVETJ0F1EN OF THE ANISTBOPIC MFRGY EQUATION

To derive the form of the anisotropic energy equation as given by Eq. 21

and. the expression given by Eq. 23 for the normally directed cond~ucivity

at a boundary of an anisotropic material, a transformatiozi through a rata,

tio'. e is required from gr.-dients in the x and y directions to gradients

in the 4 and 17 directions and vice versa. Geometrical cnnsiderations

yield the following eXpressions:

a 23 + a -a

a a
s ineB t + cose 6 (B-2)

a~ ;3ana(33

J inO 4+ case a(B-)

It we further stipulate that the two coordinate systems possess a comon
origin, then, from Eq. B-1 through B-4, ve can also write

X = Coss - 17 sine, (Bn5)2

y zinS + 77 cosS.(3)

ITo derive Eq. 21, ve start with the energy equation expressed in the co-

ordinates t and T7 and then transform it to x and y coordinates using

Eq. B-1 through B-.6. This would be straightforward were it not for the
need to include the radial effect in the and 71 system, which makes it

more difficult to get started. If x avd y were cartesian coordinates

* rather than cylindrical, the energy equation vould take the following

M- I
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for in th an ytm(hr o ovnec fnttl2 eoi h

susrp -ef on C 2

A sbsrit e"omeri Cruetetiln): aoewudshwta h

Aritl gemetica argintue entiio Eq. B-6b abovge olho tha tte=

to the right hand side:

- ~- aT bT(3)
sine+ cS8 (ine-S + cose

where the expression for K , the radial component of conductivity, is to

be determined as a function of KV, KIy ad e during the transformation of

the rest of the equation to x and y coordinates. Thus, we transform

Eq. B-7, augmented by the radial term B-8, to x-y coordinates by aub- --

*atituting from Eq. B-1 through B-6, as follows:

;- !-_ + Cosa a- [K in0 ) cosO BT
ax IN7 L O Y~

aT a

- 4~ [x~cos~ + 'a sn6) , I + (-iU +(K csiue+K o~)~

K r aTr

Cos 2 in& in293 ca l+[( (KJ il 2+os6 2Tl

AT (KsO G4 + -i (K ) + (G. si + G~ Coss 7FT +l T aa

y ay - T x y

j1a ?5T a--
L(K -- si&cs9 i Sn)Cs

a - 1T d T a



andve haveEq. 21, whereK K and K are defined as inEq. 22 audx y zY
j ~ where

G x G ECOs 8  G sine,*

G y sine +G cose. (B-10)

We derive Eq. 23 for the normal conducCivity K by transforming fromn
and N~ to the outward normal direction just as we did to the x and y

directions; i.e., with squares of direction cosines as in Eq. 22 ('we note

that cos, (p, + 77/2) =-siuO for any angle (p), where the direction angles

6- + 1 and - + 1T are~ indicated in Fig. B-1.

Thus we can immediately write the following:

K=, Cos(6C - + L Cos (8-+ )

* =K~(Sitn
2O Cos2 -L 2 -sine cos6 ssin( coact + cos 2  sinc +

(% CosO o a 08!+ 2 siuO cosO sino cosa + sin 29 sin 2 t)

Ksin-a +K 2o OeinO2co--O!

af2 -2 2-1 [
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i| °C

30, Sa e-sl Iive dfrezee Tylo eis or te t~eratre xa-etstth

Spo --,s A, B, C, and D. Me !afer aproach prve to be_ more applicable

to th -oe-brm__aey ccn £g-- io-s e loyed in Th 2D A p r ,
- a Ea. 2 was en used in the r2grar except through roh nce t

Eq. 27 2r 28- happ.czed to redce to .Eq. 25 (which is a spcial case os

To derive Eq!.26, -ve exprzess the terperaturea at the- poi-ntb E, F, G, and

9a)ine0ies about a regar point . exicit£nclrng
tead up through fee order. 0Only the expression tr T.-wil be e ibited,

I as follow, the remainder being eas analosle ly (the subscripts

on T refmer o partial derivatives at the point Ce):

p--inro +, B,0~ +n T o +aT a o prve to be zo +T i ,o

-q. 27 , ar 28 .apo eA o of

ZA B

To 10r+, Oq.2- , e + xre0 T , T +  ee eA t T +- Ty, +

B i. y, 2T xo B "'"O (c-)

tsupTroh + ort oder. Only-! Te +rso ---e- T~ +dlh ~hbt

.2 2

TE=T+ A-7 T+A T +A y+ ~2T
24 ' o B xy,0+ 2 xx,0 Ayy,O 2A yy,0

T (C-1)
24 yyyy,o0
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1ZA - xC LYB -AAYB &AB YD P-ID -

2 2 xXY 0 6 o

or

t E T? +TGTH -

x (t0- AYD) xyO - +

Y(-A A Ax+ XC)+ [(A ArxC) (4yB -6yD)1+X xC &2 + D-

0 (Ay2 AYB AYD+ AY2 15(C3

The left side of F4. C-3 is the mixed difference analog, e6 To, as ex-
pressed by Eq. 26, and the right side indicates how closely the difference

J analog approximates the mixed derivative, T, . If &xA >> 4 b xA <<

- xc AYB >> AYD' or AyB << AYD' Eq. C-3 is essentially first order
i accurate. If, on the other hand, bxA = A C = Ax and Ay B = '4yD = by'

Eq. C-3 reduces to Eq. 25 and the truncation error reduces to 0 (& x2 ) +

0 (4y2).

The derivation of Eq. 27 and 28 is considerably simpler, requiring fever

terms of the Taylor series and yet yields, in general, a more accurate

formula. Here we exprens temperature gradients instead of temperatures

at the points A, B, C, and D in Taylor series about the point 0, as

follows:

40, X '4x

T A~ +A -- -TT .(c-is)y,A y,o A ry,O  2 -- - y,O + - xrr, "
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4 T 2C -T . (-)

-B T 0(

2

yCD YO , Dxy,O 2 xyry, 0 ~xyy,O

AyB yO , 2 y, 2 T~y, 2. Tc

±yD~y~kDTr + 2xC xylyo"

ansmry rom Eq.-6 and C- 7, we oh

A yC T y

AYD Tx B YD Ay 'O B xAy-D
& YB, -D +B+1

A/YB by (AD) +9

Eiq. C-8 is applicable to the 2D-ABLAT program, as discussed between

Eq. 28 and 29 in the text, whenever both the points A and C are regular

and, similarly, Eq. C-9 is applicable when points B and D are regular.

To obtain Eq. 27 and 28 from Eq. C-8 and C-9, respectively, we replace

T ,O T T', T ',T ,and T i Eq. C-8 and C-9 by second order
y, y,A' yC xO X,B' X,D

accurate centerad finite difference analogs. In doing this, however, ex-

amination of the error term involved in each would seem to indicate that

Eq. 28, although second order accurate in the x-direction, is in all cases

only first order accurate in the y-direction, and that Eq. 29 similarly, is[

only first order accurate in the x-direction. That this cannot be true

and, indeed, leads to contradiction is demonstrated by analyzing the case

in which all the points diagonally adjacent to the point 0 are regular

(.Fig. 9a). In that case, Eq. 28 and 29 reduce to the same difference

equation. But then the asseition above concerning the error would lead
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-- . -de rivin B1. "2 or 29 for th e rzase of Fig. 9a frcm Taylor series for the

te peratures et the pointz A, B, C, D, E. F, G, and H, the errer can be

_- --

sh-mt e0( ' d+0(tyB4 d-li is an - -rli it - I--

stration of second order aecuracy and proves that Eq. 28 and 29 are =ore

accurate than Eq. 26. When the points diagonally adjacent to the Point

0 are not regular (in which case, Eq. 26 would not even be appl'able),

it can be shown that Eq. 28 is between first and second order accm-ate

in the y-direction (in a sense sinilar to Eq. C-3) and Eq. 29 is the se [

in the x-direction. For the point configuration depicted in Fig. C-1,

for example, the error in Eq. 28 is 0 (AZA x ) LX ('.--

0 (AyB " yD), which yields essentially first order accuracy in the Y-

direction for Ay << A yB and second order accuracy for y2 A AY"
2 2

As stated above, either Eq. 28 or 29 does not apply wher. one or nore of -

the points A, B, C, and D is irregular (Fig. ge). If, for etam ple,

-. - point C is irregular we would obtain the following expreasnon (instead

of Ea. C-8 above) directly from Eq. CG-.:

T ATyA y'0

T~, + 0 'A (C-10)

As with Eq. C-8, when we substitute the second order accurate difference

analog 8YT an5 T for the first derivatives i. Eq. C-10, the resulting

difference analog (given as part of Eq. 29) is betweenfirst and second

order accurate in the y-direction. The rest of the expressions given by

Eq. 29 and 30 are similarly obtained.

. I8
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F*- long f iring tines, the tem 2r -s detagsota h

one-dinee- icma inter olation eq a#ow (Eq. 3-2, 5-6, az.- 5-7) are

obtained. The best agrze~emt betveen the one-dimensional calculations

andi Eq. Y,-4 occm-s when T is defined as 12O F.

For cbarring through zmltiple lar, Bj. F-4 becomes

[ 2 ATj t2

0 I kp R L i(~
221

C- C
I ~1 1 2

(E-6)
T2 + e 1 ,k

7 7. the time t begins when the inner layer of thickness Y, i-"

c mpltetzl- charred through.
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